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My research work during the PhD was devoted to the development of optical gas sensors based on 
plasmonics. Sensors based both on Localized Surface Plasmon Resonance (LSPR)  and Propagating 
Surface Plasmon Resonance (PSPR), also known as surface plasmon polaritons (SPP) have been 
studied. The thesis has been divided in two main chapters.  
In the first one LSPR based gas sensor has been developed using gold nanoparticels (NPs) of 
different shapes like nanorods (NRs) with medium and high aspect ratio, 3 and 6 respectively, 
nanodumbbells (NDs) and nanostars (NSs). The LSPR is sensitive to changes in the local dielectric 
environment, and this allows the monitoring of the gases interacting with the matrices, and the 
output is a shift of the plasmon peak in terms of wavelength. The use of different shapes of NPs is 
oriented to the increase of sensitivity towards the changes in the local dielectric environment. This 
higher sensitivity is due to the local field enhancement effect linked to the elongated shapes or with 
the spikes, in the case of nanostars. The main difficulty about using these NPs is their tendency 
towards reshaping at the temperature’s increase. This constraint enforces the gas sensing tests to be 
performed at low temperature, therefore, to catalyze the red-ox reaction between the target gases 
and the sensitive material, platinum NPs are needed.  
The gold NRs were also investigated with Dark Field Microscopy (DFM), a technique which 
enables the monitoring of the single particles behavior in hydrogen flow. Their sensitivity has been 
tested in both a TiO2 and ZnO matrix.  
The ZnO sensitive material has been tested also directly as plasmonic material, because of its 




 ions, towards hydrogen and 
nitrogen oxide. 
TiO2 based materials have been also used, in comparison with phenyl-functionalized SiO2 based 
materials, coupled with Au NPs as Aromatic Volatile Organic Compound A-VOC (xylene, toluene 
and benzene) sensors.  
All the studied materials showed good sensitivity towards the tested gases, and the most important 
thing is that almost all these really good performances are at low temperature, thanks to the 
heterogeneous catalysis promoted by the Pt NPs. 
These sensitive oxide materials have been tested also, in the second chapter, using SPP, excited 
illuminating a gold sinusoidal nanometric layer constituting a plasmonic crystals with a sensitive 
film on the top, interacting with the analyte. 
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TiO2 and phenyl-functionalized SiO2 have been used as sensitive materials in plasmonic crystals to 
monitor A-VOC and VOC at room temperature and hydrogen at 300 °C, obtaining good 
performances, comparable to the one of the system based on LSPR. 
Moreover the comparison of the same sensitive material in the two configurations, with localized 





Il presente lavoro di tesi è focalizzato sullo sviluppo di sensori ottici di gas basati sulla plasmonica.  
In particolare saranno studiati sensori basati sia su Risonanza Plasmonica Superficiale Localizzata 
(LSPR) che su Risonanza Plasmonica Superficiale Propagante (PSPR) noti anche come Plolaritoni 
Superficiali Propaganti (SPP). 
Tale tesi è divisa in due capitol principali. Il primo capitolo è dedicato ai sensori basati sulla LSPR, 
questi sensori sono stati sviluppati usando nanoparticelle di oro (NPs) con forme diverse (quali 
nanorod (NRs) con aspect ratio media e alta, 3 e 6 rispettivamente, nanodumbell e nanostelle). 
La LSPR è sensibile ai cambiamenti della costante dielettrica nell’intorno delle particelle, ciò 
permette di monitorare i gas che interagiscono con la matrice e ciò risulta in uno spostamento in 
lunghezza d’onda del picco plasmonico. 
L’utilizzo di diverse forme di NPs è legato al all’obiettivo di migliorare la sensibilità del plasmone 
ai cambiamenti nell’ambiente circostante. Tale aumento della sensibilità è legato ad un fenomeno di 
local field enhancement relativo alle forme allungate o con punte, come nel caso delle nanostelle. 
La maggiore difficoltà relativa all’uso di tali NPs sta nella loro tendenza al cambiare forma e 
sferoidizzare con la temperatura. Ciò permette di attuare i test di gas sensing solo a basse 
temperature, quindi per catalizzare le reazioni di ossido-riduzione dovute all’interazione tra i gas e 
il materiale sensibile vengono utilizzate NPs di platino. 
I NRs di oro sono stati utilizzati nella microscopia Dark Field (DFM) con applicazioni 
sensoristiche; tale tecnica permette di monitorare il comportamento ottico dei singoli NRs durante 
l’interazione con l’idrogeno.  
La sensibilità dei NRs è stata testata sia in matrice di ossido di titanio (TiO2) che di ossido di zinco 
(ZnO).  
Lo ZnO, in quanto material sensibile, è stato utilizzato anche direttamente come materiale 
plasmonico, grazie al plasmone nell’IR che viene innescato mediante drogaggio con ioni Ga3+ e 
Al
3+
, per il sensing di idrogeno e ossido di azoto. 
E’ stato inoltre utilizzato il TiO2 come materiale sensibile e le sue performances sono state 
confrontate con quelle dell’SiO2 sol-gel funzionalizzato con gruppi fenile per il sensing dei VOC 
(Volatile Organic Compound) Aromatici, quali benzene, toluene e xylene. 
Tutti i materiali studiati in tale capitolo mostrano una buona sensibilità ai gas testati, la cosa più 




Tali materiali sono stati anche testati, nel secondo capitolo, utilizzando i SPP, accesi illuminando 
uno strato nanometrico sinusoidale di oro, facente parte di un cristallo plasmonico, insieme ad uno 
strato sensibile che quello che entrerà in contatto con l’analita. 
TiO2 e SiO2 funzionalizzato con gruppi fenile sono stati usati come materiali sensibili nei cristalli 
plasmonici per monitorare VOC Aromatici e VOC a temperatura ambiente e idrogeno a 300 °C. Le 
prestazioni sono piuttosto buone, confrontabili con quelle dei sistemi basati su LSPR. 
Inoltre, il confronto degli stessi materiali sensibili nelle due configurazioni, con plasmoni localizzati 
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In the present work of thesis are reported only the main results.  
Moreover, regarding the experimental part all the synthesis are reported in Appendix A.2; the 
technique used to characterize the nanoparticles solutions and the thin films are described in 
Appendix A.1, to avoid repetitions every paragraph. The same applies to the apparati used for the 
gas sensing with the three different techniques, in transmission using LSPR, on single particles with 
the DFM and in reflection using PSPR. 
The simulations and calculations regarding the behavior of the gold nanoparticles during the gas 
sensing tests, performed by Dr. Carlos Pecharromán García (University of Madrid) are reported in 
Appendix A.4. 
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Overview on plasmonic optical gas sensors 
Nanocomposite films are thin films formed by mixing two or more dissimilar materials having 
nano-dimensional phase(s) in order to control and develop new and improved structures and 
properties. The properties of nanocomposite films depend not only upon the individual components 
used but also on the morphology and the interfacial characteristics [
1
]. 
Nanocomposite films that combine materials with synergetic or complementary behaviors possess 
unique physical, chemical, optical and electrical properties and have attracted much attention for a 
wide range of device applications such as gas sensors. Various nanocomposite films consisting of 
either metal-metal oxide, metal-semimetal oxides, or graphene mixed with metals have been 
synthesized and investigated in the present work for their application as active materials for gas 
sensors. Design of the nanocomposite films for gas sensor applications needs the considerations of 
many factors, for example, the surface area, interfacial characteristics, electrical conductivity, 
nanocrystallite size, surface and interfacial energy, etc., all of which depend significantly on the 
material selection, deposition methods and deposition process parameters.  
 
A gas sensor is an electronic device that consists of a transducer and a sensitive element (an active 
layer such as a nanocomposite film) that relies, for its operating mechanism, on one of its physical 
and chemical properties. Basically it operates as follows: a charge transfer occurs between gas 
molecules and the “sensitive” nanocomposite films, resulting in an electrical and/or optical signal 
that is related to the gas molecules type and number. Sensitive nanocomposite films with high 
sensitivities, improved selectivity and reduced operating temperatures have been here fabricated 
thanks to the nanoscale morphology, surface-to-volume ratio and quantum confinement.  
Various types of transducers that utilize different operating mechanisms have been employed for 
nanocomposite film gas sensing applications, for example chemoresistive sensors [
2
], surface 
acoustic wave sensors [
3







The present work is focused on optical sensors. Optical gas sensors are based on the modification of 
optical responses of a nanocomposite film induced by interaction with gas molecules. This approach 
presents a number of advantages over the chemoresistive sensor. Electromagnetic waves are 
described by a certain number of degrees of freedom such as intensity, wavelength, and 
polarization: optical sensing thus allows multi-parametric detection, which is not possible in 
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electrical sensing where only a single scalar quantity (electrical conductivity) is involved. Optical 
sensors do not need electrical contacts, do not suffer from electromagnetic noise and may allow 
optoelectronic integration and have the potential of multi-gas detection. 
Gas sensing by optical methods is usually straightforward and could achieve higher sensitivity, 
selectivity and stability than non-optical methods with much longer lifetime. Their response time is 
relatively short, which enables a real time detection.  
Optical methods for gas sensing are mostly based on spectroscopy and this analysis mainly involves 
techniques based on absorption and emission spectrometry. A separate group is represented by the 
so called Surface Plasmon Resonance (SPR) sensors, based on the gas induced variation of the 
oscillation frequency of the surface conduction electrons of thin metal layers. 
The principle of absorption spectrometry is the concentration-dependent absorption (molar 
absorptivity ε) of the photons at specific gas wavelengths (i.e., Beer-Lambert law) [7]. 
The techniques based on absorption spectrometry can be divided into two main groups: 
transmission and reflection mode. 
In the transmission mode the light emitted by a source (lamp or LED) passes through the active 
material and it is collected by a detector. When the material is exposed to the target gas, changes in 
the absorption properties are monitored by the detector as light intensity changes as a function of 
wavelength, allowing to establish a relationship between the sensitivity of the device and the 
analysis wavelength. 
In the reflection mode, the active material is deposited on a reflective substrate: so the incoming 
electromagnetic wave passes through the sample, reflects on the substrate and the reflected light at a 
fixed angle is collected by the detector. Again, during target gas exposure, the reflection intensity as 
a function of wavelength is monitored. 
Such simple experimental setups can be easily implemented on an optical fiber-based platform, 
where the fibers direct the emitted light from the source to the active material and collect the light 
after the interaction with it. 




There are two types of emission spectrometry sensors, that exploit the photoluminescence or 
chemoluminescence properties of the active material: in the case of photoluminescence a light 
source is used to excite electrons of the active compound that returning to the standard, low energy 
state, emit light at higher wavelengths, while in the case of chemoluminescence, the chemical 
reaction triggers the light emission. There are several ways in which the analyte can interact with 
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the active material: for example quenching the luminescence of quantum dots, or shifting the 
emission peak, or again promoting new emissions. 
The Surface Plasmon Resonance (SPR) sensors are based on the optical excitation of surface 






The present work focused on Surface Plasmon Resonance (SPR) sensors and it is devided into two 
main chapters, one dealing with optical plasmonic sensing based on localized surface plasmon 
resonance (LSPR) and the other dealing with optical plasmonic sensing based on propagating 
surface plasmon resonance (PSPR) for the detection of H2, CO, NO2, Volatile organic compound 
(VOC) and Aromatic VOC. 
1.1 Optical gas sensors based on Localized Surface Plasmon Resonance (LSPR) 
Materials that possess a negative real and small positive imaginary dielectric constant are capable of 
supporting a surface plasmon resonance (SPR). This resonance is a coherent oscillation of the 
surface conduction electrons excited by electromagnetic radiation [
10
]. Plasmonics is the study of 
these particular light-matter interactions, and in the present work is used for gas sensing application. 
This chapter is dedicated to the study of localized surface plasmon resonance (LSPR), light interacts 
with particles much smaller than the incident wavelength (Fig. 1.1.1). This leads to a plasmon that 






Fig. 1.1.1- Schematic diagrams illustrating a localized surface plasmon [
1010
]. 





most common method for LSPR sensing is the wavelength-shift measurement, in which the change 
in the maximum of the LSPR extinction curve is monitored as a function of changes in the local 




                   
   
  




Where m is the bulk refractive-index response of the nanoparticle(s); n is the change in refractive 
index induced by the adsorbate; d is the effective adsorbate layer thickness; and ld is the 
characteristic electromagnetic -field-decay length (approximated as an exponential decay). This 
relationship is the basis of LSPR wavelength-shift sensing experiments. 
Moreover the absorbance at the SPR position is proportional to the electronic density, this is 
demonstrated with the Equation (2) proposed by Pecharromán. 
 
 
   
   
   
       
        
 
    
     
 




Where f is the fraction of NPs, L is the depolatization factor.  
1.2 Optical gas sensors based on Propagating Surface Plasmon Resonance (PSPR) 
This chapter deals about propagating plasmons, also known as surface plasmon polaritons. 
In the case of surface plasmon polaritons, plasmons propagate in the x- and y-directions along the 
metal-dielectric interface, as shown in Figure 1.2.1, for distances on the order of tens to hundreds of 








Fig. 1.2.1- Schematic diagrams illustrating a surface plasmon polariton (or propagating plasmon) [
10
]. 
Since SPPs are highly sensitive to changes of the refractive index in the vicinity of the surface, they 










]. The Surface Plasmon 
Resonance (SPR) sensors exploits the SPP properties to detect by optical means chemical or 
biological species, with aim of medical diagnostics, environmental monitoring and food safety. 
Among optical sensors, they are appreciated for the possibilities of extreme miniaturization and 
integration and for being a label-free technology. 
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The concept of SPR sensing is here illustrated, a SPP is excited on a metallic surface by an incident 
light beam; the excitation manifests itself as a fall of intensity of the reflected beam, as shown in 
Figure 1.2.2. The SPP evanescent field probes the surrounding environment; if the refracting index 
of the surrounding medium changes, the propagation constant of the SPP changes too, affecting the 
reflectance spectrum through the coupling conditions. 
 
 
Fig. 1.2.2- Concept of the reflectance measurement. (b) Plasmonic resonance dip seen in an angular scan, corresponding 
to the excitation of gold/air single-interface SPP with light of wavelenght 650 nm impinging on a 470-nm grating. 
The interaction between the sensitive layer and the gas molecules tested leads to a change in the 
surrounding environment, meaning the sensitive layer, and consequently to a shift in the plasmon 
resonance conditions; this can be observed in two modes: (a) angle resolved and (b) wavelength 
shift. In the first mode, it is measured the reflectivity of light from the metal surface as a function of 
the angle of incidence (at constant wavelength), in the second one as function of the wavelength (at 
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2.1 Comparison between the gas sensing performances of gold 
nanorods coupled with platinum embedded in a titanium or zinc oxide 
matrix 
Nanoparticles have attracted much attention because of their size- and shape-dependent optical 
properties. Due to the coupling of conduction electrons to the electromagnetic field of the incident 
light, the optical response of noble metal nanoparticles is typically characterized by the presence of 
strong absorption and scattering peaks that are not present in the spectrum of the bulk metal, a 
phenomenon named localized surface resonance (LSPR) [
1
]. 
Considering the shape-dependent aspect it is necessary to point out that we will work with nanorods 
(NRs). In spherical gold particles a strong absorption band around 550nm arising from the 
excitation of plasmon by the incident light can be readily observed. Gold NRs, instead, are quite 
different from spherical particles as they have also a surface plasmon band at lower energy. 
There are, in fact, two plasmon resonance absorption bands. One is around 520-550nm caused by 
transverse oscillation of electrons and is thus termed the “transverse plasmon band” (TPB). The 
other one lies in the visible or near infrared (NIR) region and is known as the “longitudinal plasmon 
band” (LPB). Gold nanoparticles (NPs), including spherical and rod-like NPs, are of great interest 
in particular in sensing because their extinction spectra are highly sensitive to the dielectric constant 









] have demonstrated both experimentally and theoretically that the 
LPBs are highly sensitive to changes in the dielectric properties of the surroundings and the 
sensitivity increases with the aspect ratio of the NRs. 
In the present work, we will confirm that the TPB is less sensitive than the LPB, in gas sensing 







Our strategy is to use colloidal synthesis of TiO2 and ZnO NPs, Au NRs and Pt NPs to prepare 
crystalline films at low temperature. It has been demonstrated that TiO2-Au and ZnO-Au films, can 
react with reducing and oxidant gases also at low temperature, but with long transient times. If Pt is 
added, it can act as a catalyst in the gas detection kinetics, making the absorption and the reaction of 
the gas faster, for example permitting to lower the operative temperature of the sensor, while Au 





The idea to use crystalline TiO2 and ZnO as a matrix for Au NRs comes from their photocatalytic 
activity in the visible, enhanced by the surface plasmon resonance of the gold NPs in general, which 







Finally we want to compare the gas sensing performance of the two different matrix, TiO2 and ZnO, 
to find the best one in terms of fast response to the gas and variation of absorbance. 
2.1.1 Experimental 
2.1.1.1 Nanoparticles synthesis 
The Au NRs with aspect ratio (a.r.) of 3 and the Pt, TiO2 and ZnO NPs synthesis procedure are 
reported in the appendixes A.2.2, A.2.6, A.2.7 and A.2.9, respectively.  
2.1.1.2 Samples deposition 
The starting solutions were prepared by mixing the methanol suspension of TiO2 and ZnO NPs with 
PVP-capped Au NRs and Pt NPs in ethanol, with different molar percentage (Tab. 2.1.1). 
 
Au:Pt molar ratio TiO2 samples ZnO samples 
10:2 TiO2-AuNRs -Pt NPs 
(TAP10:2) 
ZnO-AuNRs -Pt NPs 
(ZAP10:2) 
10:1 TiO2-AuNRs -Pt NPs 
(TAP10:1) 
ZnO-AuNRs -Pt NPs 
(ZAP10:1) 
10:0.5 TiO2-AuNRs -Pt NPs 
(TAP10:0.5) 
ZnO-AuNRs -Pt NPs 
(ZAP10:0.5) 
Table 2.1.1- Nanocomposite thin films of TiO2-AuNRs -Pt NPs with different molar ratios between Au and Pt. 
All the films were deposited by spin coating at 3000rpm for 30 s on either SiO2 or Si substrates and 
dried at 50°C for 5min and then other 4 layers were deposited, with the same parameter, then dried 
again at 60°C, for a total number of layers of 5. 
2.1.1.3  Gas sensing measurements 
Optical gas sensing tests were performed with operating temperature (OT) set at room temperature 
and 80 °C and the sensor was tested for both reducing and oxidant gases, H2 and NO2, respectively, 
all balanced with synthetic air. In particular, the concentrations of H2 was set at 10000 ppm; the 
concentration of NO2 was set at 1000 ppm, using NRs is possible to use that high concentration 
because the effects related to the NO2 optical absorption in the visible range are out of the NRs 
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longitudinal plasmon band range. The detailed description of the gas sensing apparatus is reported 
in appendix A.3.1. 
2.1.2 Results and discussion 
2.1.2.1 Structural and optical properties 
All the components were characterized, at first, in solution, to check their crystallinity and optical 
quality; in Figure 2.1.1 it is shown the absorption spectra of gold NRs with a. r. ~3, also confirmed 
by the TEM image, capped with PVP and redispersed in ethanol. 
For TiO2 NPs (Fig. 2.1.2) from the XRD pattern is possible to identify the typical peaks of 
crystalline anatase [JCPDS 84-1286], at 25.33° for the (101) plane, at 36.9° (103) plane, at 37.84° 
(004) plane, at 38.6° (112) plane, at 48.07° (200) plane, at 53.95° (105) plane, at 55.11° (211) plane. 
The obtained TiO2 NPs are of good optical quality, as can be seen from the UV-Vis spectrum 
reported in Figure 2.1.2, as they are transparent in the visible and absorbs in the UV region, at 
~330-340 nm, at the band gap wavelength. 
For the ZnO NPs (Fig. 2.1.3) from the XRD pattern is possible to identify the typical peaks of 
crystalline wurtzite [JCPDS No. 36-1451] at 31.77° for the (100) plane, at 34.42° (002) plane, at 
36.25° (101) plane, at 47.54° (102) plane and at 56.60 (103) plane. 
And that the ZnO we obtained is of good optical quality, from the UV-Vis spectra, is transparent in 
the visible and absorbs in the UV region, at ~350nm, at the band gap wavelength. 
Finally in Figure 2.1.4 are reported the UV-Vis spectra and the XRD pattern to check the 
crystallinity of the Pt NPs, the peaks for cubic Pt are clearly detected [JCPDS No. 04-0802]: in 
details, (100) and (200) reflections at about 39.8° and 46.2° are present, confirming the crystallinity 
of Pt NPs, and their dimension, also verified from the TEM image, around 10nm. 
 





Fig. 2.1.2- UV-Vis spectrum of TiO2 (left) and XRD pattern (right) showing the typical peaks of crystalline anatase. 
 
Fig. 2.1.3- UV-Vis spectrum of ZnO (left) and XRD pattern (right) showing the typical peaks of crystalline wurtzite. 
 
Fig. 2.1.4- UV-Vis spectrum and TEM image (left) and XRD pattern (right) of platinum NPs. 
The thin film deposited from the synthesized NPs, reported in Table 2.1.1, have to be stabilized 
with a thermal treatment to perform gas sensing tests, so we studied the thermal stability of NRs 
inside the TiO2 (TA) and ZnO (ZA) matrix, to find the maximum temperature for the thermal 




Fig. 2.1.5- Absorption spectra of the samples TA (left) / ZA (right) treated at different temperatures up to 200°C. 
We found that until 150°C it is possible to avoid the spheroidization, but at 200°C the blue-shift due 
to the spheroidization predominates over the red shift due to the increment of the refractive index of 
the oxide matrix, due to the densification after the heat treatment. To confirm that at 100°C the NRs 
maintain their shape we perform also a SEM measurement on the treated thin film (Fig. 2.1.6) from 
which it is possible to see that the Au NRs still have an a.r. of 3. In the images are also visible 









Fig. 2.1.6- SEM images of the samples TAP (left) / ZAP (right) treated at 100°C. 
In Figure 2.1.7 is shown the absorption spectra of TiO2 and ZnO nanocomposite films containing 
gold NRs and platinum NPs, it is possible to see the peaks of NRs clearly and also the typical broad 




Fig. 2.1.7- Absorption spectra of the samples TAP (left) / ZAP (right) listed in Table 2.1.1. 
2.1.2.2 Gas sensing tests 
TAP/TAP nanocomposite films, annealed at 100°C, were tested as gas sensor. In Figure 2.1.8 are 
reported the best sensing results obtained with the samples with Au NRs and Pt into matrixes of 
TiO2 and ZnO, towards H2. In Figure 2.1.8 c. are reported the OAC curves, which represent the 
Optical Absorbance Change (OAC) parameter, defined as the difference between absorbance during 








Fig. 2.1.8- Spectra of the samples in air and in H2 10000 ppm (a. and b.) and comparison between the OAC curves (c.) 
and dynamic measurements of the H2 sensing test at room temperature on the samples TAP and ZAP (d.). 
 
In Figure 2.1.9 are presented the results obtained with both the matrices varying the molar ratio 
between Au and Pt; it is evident that the best performance is obtained with the highest amount of Pt, 
because of its catalytic behavior, in fact the response/recovery time are shorter and the variation in 
absorbance is higher. Moreover, with the ZnO matrix it is possible to note that there is a response 
only with 10:2 ratio between Au and Pt. It is also possible to note that the presence of H2 induce a 




Fig. 2.1.9- Comparison between the dynamic gas sensing tests at room temperature with H2 10000 ppm on the samples 
TAP (left) and ZAP (right) at the variation of the Au:Pt molar ratio. 
For the NO2 detection the samples are sensitive only at 80°C OT. Figure 2.1.10 a and b show the 
scan sensing measurement, and highlight the red shift of the plasmon bands in presence of NO2. 
In Figure 2.1.10 c and d it is possible to notice a wide peak of absorption around 400nm, which is 
due to the absorption of the gas (NO2) 1000 ppm, so the sensing of this gas is possible only at 
wavelength greater than ~700nm, and the variation in absorbance, due to the interaction with NO2, 
is shown in the insets of Figure 2.1.10 c and d. As already said the sensing with NO2 is possible 
only with NRs, because the spherical NPs have a plasmon band in the region of absorption of the 
gas, around 500nm. For this reason it is selected only the region from 700nm to 900nm (Fig. 2.1.10 








Fig. 2.1.10- Scan measurement on the samples TAP (a.) and ZAP 10:1 (b.), comparison between the OAC curves on the 
samples TAP (c.) and ZAP 10:1 (d.), with in the inset a magnification of the longitudinal plasmon band region, and 
dynamic measurements of the NO2 1000 ppm sensing test at 80 °C, at 721 and 710 nm respectively (e.). 
Figure 2.1.10 e compares the performances of TAP and ZAP samples, and it is evident that the 
sensitivity towards NO2 is pretty similar towards the tested gases in terms of variation in 




The reducing gases (H2) react with the oxygen absorbed on the surface of the semiconductor and 
donate electrons, while oxidant gases (NO2) subtract electrons [
12
]. 
To better understand the mechanisms involved in this gas sensing measurements it is worth  to 
discuss at first about the photocatalytic activity of TiO2 and ZnO in the UV which is extended to the 
visible region if coupled with plasmons, in this case of gold NRs, through resonant energy transfer 
(RET) [
910
]. The gold particle converts the energy of incident photons into LSPR oscillations and 
transfers the plasmonic energy to the semiconductor matrix around the particle via RET. RET 
generates electron−hole pairs in the semiconductor by the dipole−dipole interaction between the 
plasmonic metal (donor) and semiconductor (acceptor), which greatly enhances the visible-light 
photocatalytic activity as compared to the semiconductor alone. 
Consequently, since the incident photons are absorbed by the nanocomposite, an electron skips into 
the conduction band of the semiconductor and reacts with the adsorbed atmospheric oxygen on the 
semiconductor matrix, as described in reaction (1). 
 1/2O2 + e(C.B.)
-
 → O- (ads) (1) 
The reducing gases (H2) react with the oxygen ions, absorbed on the surface of the porous 
semiconductor matrix, and donates electrons. 
 H2 + O
2-
(ads) → H2O + 2e
-
 (2) 
The reaction (2) [
13
] is catalyzed by Pt. The presence of the TiO2 matrix led to higher electronic 
density on Pt, changing its chemisorption properties, weakening the Pt–H bonds, and increasing its 
H2 oxidation activity [
14
], via hydrogen spillover as described by the reaction (3) [
15
]. Pt splits H2 in 
protons, which reacts with the oxygen ions adsorbed, and inject electrons into the semiconductor’s 
conducing band. 






(ads) → H2O + 2e
-
 (3) 
The high H2 oxidation activity of the Pt NPs embedded in TiO2 can be also attributed to the ability 
of TiO2 to provide highly reactive oxygen atoms [
1414
]. The important catalytic role of Pt is 
highlighted in Figure 2.1.11 a and b, where the OAC curves of the TiO2 and ZnO based samples are 
compared, respectively, with and without Pt NPs; it is evident that the Pt is fundamental for H2 
sensing, without Pt there is no sensitivity towards the gase. Instead with only Pt and no Au NRs, 




Fig. 2.1.11- Comparison between the OAC curves in H2 10000 ppm for the TiO2 based samples (left) and for the ZnO 
based samples (right) with Au NRs and Pt (TAP or ZAP), with only Au NRs (TA or ZA) and with only Pt (TP or ZP). 
Oxidant gases (NO2), instead, react with the oxygen ions absorbed on the surface of the porous 
semiconducting matrix, and subtract electrons. 









(ads) → NO2 + 2O
2- 
(ads) (5) 
As shown in Figure 2.1.12 a and b, for TiO2 and ZnO, respectively, the presence of Pt NPs is 
fundamental for the NO2 detection as for H2; without Pt there is no sensitivity, instead without Au 
NRs there is a low sensitivity but, as already said, there is no wavelength dependence of the gas 
response. 
 
Fig. 2.1.12- Comparison between the OAC curves in NO2 1000 ppm for the TiO2 based samples (left) and for the ZnO 
based samples (right) with Au NRs and Pt (TAP or ZAP), with only Au NRs (TA or ZA) and with only Pt (TP or ZP). 
This injection and subtraction of electrons in and from the conduction band imply that the plasmon 
band blue-shifts with reducing gasses and red-shifts with oxidant gases. 




] so a similar 
behavior in the gas sensing, especially towards H2.  
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On the other hand, ZnO has an higher electron mobility than TiO2 [
18






This is important for NO2 because it is not reduced photocatalytically and it explains why ZnO has 
better performance in the sensing of NO2. Result confirmed in literature [
20
]. 
Moreover, to investigate why there are advantages in gas sensing performance in using gold NRs 
than spherical NPs it is necessary to take into account a quality factor, which is, in the case of 
particle plasmons, the local-field enhancement. The spherical gold particles have relatively low-
field enhancement factors, as a consequence of inter-band damping for small spheres and radiation 
damping for large spheres [
21
]. In contrast, gold NRs can have very high quality factors of up to 23 
due to the very little radiation damping, and dephasing rate which drastically decreases increasing 
the aspect ratio of NRs [
21
]. These high quality factors should make gold NRs vastly superior to 















In this chapter the optical gas sensing performances of Au NRs coupled with catalytic Pt NPs 
embedded into a semiconducting matrix (TiO2/ZnO) towards H2 (10000 ppm) and NO2 (1000 ppm) 
was investigated. 
The sensors showed good and reversible responses with fast kinetics towards H2 for both the 
semiconducting matrixes, while towards NO2 the ZnO matrix showed the best performances.  
The mechanisms involved in the sensing can be explained considering a combination between the 
photocatalytic behavior of TiO2 and ZnO in the visible, if coupled with Au NRs, an exchange of 
electrons with the target gases through red-ox reactions mediated by the adsorbed oxygen and an 
improvement of the sensing performance due to the local-field enhancement in the longitudinal axis 
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2.2 Comparison between the gas sensing performances of different 
shapes of gold nanoparticles coupled with platinum embedded in a 
titanium oxide matrix 
The interaction between the light and a nanostructured material gives arise to a strong 
electromagnetic field enhancement localized in the nanometer scale. This enhancement occurs due 
to the resonantly exited collective electron oscillations, known as LSPR [
1
]. 
LSPs, as widely known, are highly sensitive to the nanoparticles geometry and surrounding 
medium. Between the many different shapes of gold NPs, in the present paragraph, nanorods (NRs) 
with a.r. 3 and 6, nanodumbbells (NDs) and nanostars (NSs) are studied.  
The objective of the present work is to take true advantage from the substitution of gold spherical 
NPs inside a matrix of metal oxide, TiO2 anatase, with the different shaped nanoparticles, in order 
to involve a major sensitivity to the exchange of electrons in the gas sensing tests. 
NRs, with different aspect ratio (3 and 6) should be more sensitive than the sphere because they 
have two directions of oscillation, transversal and longitudinal, and the second one is more sensitive 
to the variation of electron oscillating, this gives arise to bigger shift than the one expected for the 
spherical NPs. 
NDs, instead, have a longitudinal plasmon peak more red-shifted than nanorods, but the highest 
sensitivity is expected at the two spheres at the ends of the rod. 
The NSs, instead, have a plasmon band due to the tips and a shoulder due to the core, more blue-
shifted. The band due to the tips depends on the length of the tips of the stars, on the width at half 
height and on the angle at the tips. This second band should be highly sensitive, even more than the 
one of nanorods because at the tips there is a localized electrical field. 
The problem of that morphology of nanoparticles is the reshaping with the temperature, as they tend 
to spheroidize. The strategy adopted is to use colloidal synthesis of anatase NPs, Au NPs and Pt 
NPs to prepare crystalline films at low temperature [
2
]. It has been demonstrated that TiO2-Au films 
can react with reducing gases also at low temperature, but with long transient times. If Pt is added, 
it can act as a catalyst in the gas detection kinetics, making the absorption and the reaction of the 
gas faster, for example permitting to lower the operative temperature, while Au NRs are responsible 
for the optical modification of the nanocomposites, making possible the optical detection.  
These nanocomposites have been used as active materials for H2, CO and NO2 detection at low 




2.2.1.1 Nanoparticles synthesis 
The Au NRs with a.r. 6, the Au NDs and the Au NSs and the Pt and TiO2 NPs synthesis procedure 
are reported in the appendixes A.2.3, A.2.4, A.2.5, A.2.6 and A.2.7, respectively.  
2.2.1.2 Samples deposition 
The starting solutions were prepared by mixing the methanol suspension of TiO2 with the different 
PVP-capped Au NPs and Pt NPs in ethanol (Tab. 2.2.1). 
 
Samples Au:Pt molar ratio 
TiO2-AuNRsa.r. 3 -Pt NPs 
(TR6P) 
10:2 
TiO2-AuNRsa.r. 6 -Pt NPs 
(TR6P) 
10:2 
TiO2-AuNDumbbells -Pt NPs 
(TDP) 
10:2 
TiO2-AuNStars -Pt NPs (TSP) 10:2 
 
Tab. 2.2.1- Nanocomposite thin films of TiO2-AuNPs (of different shapes) -Pt NPs with fixed molar ratios between Au 
and Pt. 
All the film samples were deposited by spin coating at 3000rpm for 30 s on either SiO2 or Si 
substrates and dried at 50°C for 5min and then other 4 layers were deposited, with the same 
parameter, then dried again at 60°C. 
2.2.1.3  Gas sensing measurements 
Optical gas sensing tests were performed with operating temperature (OT) set at room temperature 
and the sensor was tested for H2 10000 ppm balanced with synthetic air.  
2.2.2 Results and discussion 
2.2.2.1 Structural and optical properties 
All the components were characterized, at first, in solution, to check their crystallinity and optical 
quality; the absorption spectra and XRD pattern of TiO2 NPs are already reported in Figure 2.1.2; 
for the Pt NPs the absorption spectrum and XRD pattern with the TEM image are already reported 
in Figure 2.1.4. 
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About the high a.r. NRs, thanks to the second addition of Ascorbic Acid (AA) (see Appendix 2.3) 
the amount of gold salt reduced is higher [
3
], and is possible to see in Figure 2.2.1 also a red-shift of 
the longitudinal plasmon peak with respect of the spectrum of the rods before the second AA 
addition. For this NRs the longitudinal plasmon peak reaches 1000nm; it is also possible to see in 
the TEM image (Fig. 2.2.1), that the NRs have an average length of 60nm and width of 10nm (a.r. 
6). 
 
Fig. 2.2.1- UV-Vis spectra of Au NRs with a.r. 6: black line as synthesized NRs, red line NRs with the addition of AA 
after 24h, blue line NRs with the second  addition of AA to reach the ratio AA/Au3+= 1,5; in the inset is presented the 
TEM image of the Au NRs with a.r. 6. 
In Figure 2.2.2 are presented the absorption spectra of the gold NDs [
4
] and of the gold NRs used as 
seed, it is possible to see a shift of about 100nm of the longitudinal band from the seed longitudinal 
band, and the increase of the absorbance of the transvers peak is probably due to the fact that there 
are spherical byproducts increased in dimension because of the growth solution, containing 
Potassium Iodide (KI), and also to the spherical shape of the tips of NRs, typical of NDs, which can 
contribute to that phenomenon. Moreover, in the TEM image (Fig. 2.2.2) are presented the NDs and 




Fig. 2.2.2- UV-Vis spectra of Au NDs, with in black the spectrum of the Au NRs used as seed and in red the spectrum 
of the final NDs; in the inset is presented the TEM image of the Au NDs. 
The gold NSs [
5
]absorption spectrum is reported in Figure 2.2.3 from which it is possible to identify 
the core’s plasmon peak, which is a shoulder at 550nm, and the tips plasmon peak at 810nm, 
meaning that the average dimension of NSs synthesized (including the tips) is around 50nm as 
confirmed by the SEM image reported in Figure 2.2.3. 
 
Fig. 2.2.3- UV-Vis spectrum (left)  and the SEM image (right) of the NSs. 
In Figure 2.2.4 are presented the absorption spectra of the samples reported in Table 2.2.1, and it is 




Fig. 2.2.4- Absorption spectra of the NRs with a.r. 6 (black line), the  NSs (red line) and the NDs (blue line) embedded 
with Pt NPs inside a TiO2 matrix. 
The thin films have to be stabilized with a thermal treatment to perform gas sensing tests, so it has 
been studied the thermal stability of the different NPs inside the TiO2 matrix, to find the maximum 
temperature for the thermal treatment avoiding the spheroidization (Fig. 2.2.5-7).  
 
Fig. 2.2.5- Absorption spectra of the samples TiO2-Au NRs a.r. 6 (TR6) treated at different temperatures up to 200°C 
(left) and SEM image (right) of the film annealed at 100°C. 
In Figure 2.2.5 it is reported the evolution of the adsorption spectrum of the thin film with Au NRs 
with the temperature, and it is possible to monitor the tendency towards the spheroidization of the 
NRs. It is clear that the maximum temperature allowed to heat treat the thin film to stabilize them is 
100°C. In Figure 2.2.5 it is also reported the SEM image of the thin film annealed at 100°C and it is 
evident that the shape of the NRs is kept; the brightest part of the particles are the most superficial, 




Fig. 2.2.6- Absorption spectra of the samples TiO2-Au NSs (TS) treated at different temperatures up to 200°C (left) and 
SEM image (right) of the film heat treated at 70°C. 
In Figure 2.2.6, as in Figure 2.2.5, it is reported the evolution of the absorption spectrum of a thin 
film containing Au NSs, at the increase of the temperature the peak corresponding to the tips 
disappears and the one corresponding to the core increases, the maximum temperature allowed to 
preserve the tips shape has to be lower than 100°C. In Figure 2.2.6 it is presented the SEM image of 
the thin film treated at 70°C and it is evident that the shape of the NSs is kept, in particular some 
particles showed clearly the bright tips. 
  
Fig. 2.2.7- Absorption spectra of the samples TiO2-Au NDs (TD) treated at different temperatures up to 150°C (left) and 
SEM image (right) of the film heat treated at 70°C. 
In Figure 2.2.7 it is clear that, as for NSs, the maximum temperature allowed is lower than 100°C 
and from the SEM image is evident the preservation of the dumbbell shape with the spherical tips; 
some of them are brighter because closer to the surface, in fact the particles can be vertical or tilted 
inside the TiO2 matrix. 
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2.2.2.2 Gas sensing tests 
The TR3P, TR6P, TDP and TSP nanocomposite films, annealed at the proper temperature as 
indicated in the previous paragraph, were tested towards H2, in Figure 2.2.8 a-c the absorbance 
spectra of the samples TR3P, TR6P and TDP are reported, respectively, in air and in H2. It is 
possible to note in all the samples a blue shift of the plasmon peaks of both the longitudinal and 
transverse LSPR band [
6
]. In Figure 2.2.8 d are reported the same spectra for the sample TSP and it 
is possible to note a blue shift of the LSPR corresponding to the tips of the Au NSs [
7
]. 
In Figure 2.2.9 are reported the OAC curves corresponding to the scan sensing measurements 
reported in Figure 2.2.8 for the different particles, it is reported also the OAC curve for the NRs 
with a.r. 3, already presented in chapter 2.1, this because we want to demonstrate that the increase 
in aspect ratio leads to an improvement in the sensing performances, because of the enhanced 
localized electrical field effect. 
 
 




Fig. 2.2.9- Comparison between the OAC curves of TR3P and TR6P (left) and of TR6P, TDP and TSP (right). 
The electric field surrounding the NRs is nonuniform, the longitudinal resonance is stronger and 
more sensitive than the transverse [
8
]. This is evident for the NRs with the two different a.r., in fact 
the shift of the longitudinal peak is higher (Fig. 2.2.8 a and b), this is highlighted in Figure 2.2.9, 
the variation of absorbance for the transverse peak at 520-540 nm for both the NRs is lower than the 
one for the longitudinal peak at 740 and 910, respectively for NRs with a.r. 3 and 6. For NDs the 
mechanism is more complicated, the surface curvature of the dumbbells greatly affects the surface 
charge distribution, local field enhancement and plasmon coupling. It is reported that the dumbbell-
shaped particles structure results to have the “hot spots” of the local field in the spherical ends of 
the particle [
9
]. This means that the peak at 550 nm, relative to the spherical tips of the dumbbell, is 
expected to be more sensitive than the second one, the longitudinal. 
Also the nanocomposite with NSs have been tested towards H2; NSs can spatially focus the 
incoming light by means of electric field enhancement around their spikes [
1
]. This justifies why 
from the OAC curve (Fig. 2.2.9) in the region corresponding to the star’s tips peak there is an high 
variation involving an higher sensitivity towards H2. In Figure 2.2.8 d is reported the scan 
measurement in air and H2, which shows, as expected, a blue shift of the plasmon bands, confirming 
the injection of electrons as in Figure 2.2.8 a, b and c, for the NRs and NDs based nanocomposite. 
The reaction involved was already reported in chapter 2.1, and involves the catalysis of Pt which 
splits the H2 molecule, reaction 1. 












Fig. 2.2.10- Comparison between the dynamic gas sensing test at room temperature with H2 on the TR3P film (black 
line), TR6P film (red line), TDP film (peak corresponding to the spherical tips blue line and to the rod part pink line) 
and TSP film (green line). 
In Figure 2.2.10 are reported the dynamic gas sensing measurement at the fixed wavelength of 
maximum variation in absorption for the NRs with a.r. 3, 6 and the NDs embedded into the TiO2 
matrix and coupled with Pt NPs. For the NDs based nanocomposite is reported the dynamic 
measurement for both the plasmonic peaks, and what already explained about the higher sensitivity 
of the two spherical tips is confirmed. The stars based nanocomposite, as highlighted in Figure 
2.2.10, are less performing than the elongated shapes like NRs or NDs. The particular morphology 
of the NSs can probably hinder an optimal contact at the interface with the TiO2 matrix which can 
explain the poor results obtained with the NSs. High resolution TEM measurements should be 
performed on the nanocomposite film in order to better elucidate this point. 
2.2.3 Conclusions 
In this chapter the optical gas sensing performances of Au NRs, NDs and NSs coupled with 
catalytic Pt NPs embedded into a semiconducting matrix (TiO2) towards H2 10000 ppm have been 
investigated. 
The sensors showed good and reversible responses with fast kinetics for all the gold NPs thanks to 
the catalytic role of the Pt. The NDs showed the best performances at the spherical tips respect to all 
the other samples, for an electrical field enhancement effect which makes the plasmon more 
sensitive to the changes in the dielectric surrounding and to the injection of electrons due to the 
interaction with the target gas. 
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2.3 Dark field microscopy on single gold nanorods 
Catalysts are substances that speed up reactions by providing an alternative pathway with lower 
activation energy than that required for the uncatalyzed reaction [
1
].A lot of research, fundamental 
and applied, has been done by university and industries as well to investigate how catalysts work 
and to increase their efficiency. 
In the  present chapter we use  Dark Field Microscopy (DFM) coupled with surface plasmon 
spectroscopy, for the direct observation of the kinetics of H2 gas interaction with single gold NR 
and, consequently, for monitoring of the electron exchange through the measurement of the single 
Au NR SPR band shift [
2
].  
The DFM technique coupled with surface plasmon spectroscopy has already been widely used to 
monitor the electrons exchanges using different shapes of Au nanocrystals [
2
] or different metal 
nanocrystals [
3
] as well as in the case of heterogeneous catalysis [
4
]. Liu et al. used this technique 
on samples made by lithography consisting of a single Pd NP near the tip of a gold nanoantenna, for 
monitoring the optical properties changes during hydrogen exposure [
5
]; finally, Tittl et al. used 




This is the first direct measurement, with simply spin coated Au NRs and Pt catalyst NPs, of 
electron injection induced by H2 to a single gold NRs, which work just as an optical probe, thanks 
to the catalytic activity of the Pt NPs, in the presence of a semiconducting metal oxide matrix.  
The main goal was to study the conditions which lead to the improvement of the H2 red-ox reaction 
efficiency and of the involved electrons injection. In a previous work [
7
] we alredy investigated the 
role of 10 nm Pt NPs as catalyst for the optical detection of H2 trough TiO2-Au nanocomposite 
films. 
The first major barrier to progress is the need to understand the role of oxygen ions adsorbed on the 
metal oxide matrix in the electron injection. The second barrier is to understand if there is a double 
contribution to the SPR band shift and increased absorbance: from one side the electrons injection 
from the Pt NPs surface, where the H2 molecules split, towards the gold NRs and on the other side, 
linked to the presence of a semiconducting matrix, the increase of the dielectric constant of the TiO2 




2.3.1.1 Nanoparticles synthesis 
The Au NRs with a.r. 3 and the Pt,TiO2 and ZnO NPs synthesis procedure are reported in the 
appendixes A.2.2, A.2.6, A.2.7 and A.2.9, respectively. 
2.3.1.2 Samples deposition 
Samples for DFM measurements were deposited on fused silica quartz slides or silicon substrates 
by spin coating at 3000 rpm for 30 s and annealed for 10 min in air. The prepared samples are 
reported in Table 2.3.1. The sample Au NRs were spin coated starting from the aqueous solution at 
3000 rpm for 30 s and dried at 70 °C for 10 min; the sample Au NRs + Pt NPs was prepared spin 
coating the ethanolic solution of Pt NPs at 3000 rpm for 30 s and dried at 150 °C, then the aqueous 
solution of Au NRs was spin coated on the Pt NPs monolayer, as already explained for the sample 
Au NRs, and annealed at 70 °C. The Pt NPs were deposited at the bottom because they need to be 
annealed to work properly as catalyst, instead Au NRs cannot be treated at temperatures higher than 
70-80 °C instead they tend to spheroidize. The sample Au NRs + TiO2 was prepared as the sample 
Au NRs and on the top was deposited a layer of TiO2 NPs and finally the sample was annealed at 
150 °C for 10 min. The sample Au NRs + (TiO2-8%Pt NPs) was prepared as the sample Au NRs 
and on the top was deposited a solution of TiO2 and Pt NPs mixed together and finally the sample 
was annealed at 150 °C for 10 min. Au NRs + TiO2 + Pt NPs was prepared exactly as the sample 
Au NRs + TiO2 and before the annealing at 150 °C for 10 min a monolayer of Pt NPs was spin 
coated on the top of the sample. Finally, the sample Au NRs + (SiO2-8%Pt NPs) was prepared spin 
coating the Au NRs solution as for the sample Au NRs, then, the SiO2 solution was mixed with the 
one of Pt NPs, and spin coated on the top of the Au NRs monolayer; the sample was annealed at 





Au NRs Bare Au NRs on glass 
Au NRs + Pt NPs Au NRs and Pt NPs on glass 
Au NRs + TiO2 Au NRs on glass covered with TiO2 film 
Au NRs + (TiO2-8%Pt NPs) Au NRs on glass covered with TiO2 film 
containing Pt NPs 
Au NRs + TiO2 + Pt NPs Au NRs on glass covered with TiO2 film on top 
of which Pt NPs have been deposited 
Au NRs + (SiO2-8%Pt NPs) Au NRs on glass covered with SiO2 film 
containing Pt NPs 
Tab. 2.3.1- Sensitive layers composition for the different plasmonic crystals fabricated. 
2.3.1.3  Gas sensing measurements 
Optical gas sensing tests were performed at room temperature and the sensor was tested for H2 at 
50000 ppm balanced with synthetic air or N2. The single-particle time-resolved gas sensing tests 
were performed using the apparatus reported in Appendix 3.2. 
2.3.2 Results and discussion 
2.3.2.1 Optical and structural characterization of the NPs 
The absorption spectrum of the Au NRs with their TEM image are reported in Figure 2.3.1. It is 
possible to note, from the TEM measurement, that the NRs have a bone shape and their dimensions 
are 13±4nm of diameter and 40±9nm of length, so they have an aspect ratio around 3. 
   
Fig. 2.3.1- UV-Vis spectra of Au NRs (left) and TEM image (right) of the same rods. 
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The UV-Vis spectrum and the XRD pattern of the Pt NPs are reported in the inset of Figure 2.3.2 a 
and b. It is possible to note the diffraction peaks typical of cubic Pt (JCPDS No. 04-0802), 
confirming the crystallinity of the Pt NPs. Moreover using the Scherrer’s equation it was possible to 
evaluate the mean crystallite diameter of the Pt NPs which is 10±0.3 nm. 
The TEM image of the Pt NPs (Fig. 2.3.2 c), shows that they have faceted (cubic) shaped and their 
dimension is 10nm, confirming the result obtained from the XRD analysis, suggesting that the Pt 
NPs are monocrystalline. 
 
 
Fig. 2.3.2- UV-Vis spectra (a.), XRD pattern (b.) and TEM image (c.) of the Pt NPs. 
In Figure 2.3.3a the UV-Vis spectrum of TiO2 NPs in methanol solution is reported, showing a 
good transparency in the visible and the absorption edge in the near UV, this implies a good quality 
of NPs, without aggregation phenomena, which allows the use of this type of NPs with the DFM 
technique, requiring low scattering. 
The diffraction pattern of TiO2 NPs is reported in Figure 2.3.3b and shows the typical peaks of 
tetragonal anatase structure (JCPDS No. 86-1157) [
8
]. The TEM image of the TiO2 NPs is also 
reported in Figure 2.3.3c, from which it is possible to note that the mean diameter is around 5nm 





Fig. 2.3.3- UV-Vis spectra (a.), XRD pattern (b.) and TEM image (c.) of the TiO2 NPs. 
2.3.2.2 Optical and structural characterization of the sensitive layers 
From the SEM images reported in Figure 2.3.4 it is possible to note that both the SiO2 and TiO2 
layer used for covering the bare Au NRs are very homogenous and smooth. The refractive index 
and thickness of the same layers measured by ellipsometry are reported in Table 2.3.2.  
        




Sample Thickness (nm) Refractive index n (at 630nm) 
TiO2 42 1.89 
SiO2 100 1.43 
Tab. 2.3.2- Thickness and refractive index values for the different sample measured by ellipsometry. 
2.3.2.3 Gas sensing test with DFM technique 
Using the DFM in real time mode, images of gold NR (Fig. 2.3.6 on the left) were captured every 
60 sec during 3 cycles of exposure to hydrogen 5% v, with N2 or air, as carrier. Thanks to the 
coupling with a spectrograph it was possible to obtain the scattering spectra of each monitored NR 
as a function of the time. 
To resolve the spectral shifts associated with hydrogen exposition, it has been employed a 
Lorentzian fitting method which allows the extrapolation of the curve maximum position. 
Each NR works as optical probe and convert the injection of electrons due to the hydrogen reaction 
into optical signal changes, which are manifested in resonance intensity and resonance position with 
a response time on the order of few seconds to few minutes depending on the presence of a matrix 
and of the catalyst. 
From the presented tests it is possible to compare the performances of Au NRs in contact with 
different metal oxides (SiO2 and TiO2) and with or without the presence of Pt NPs. The different 
tested samples are reported in Table 2.3.1. 
2.3.2.3.1 Gas sensing test on Au NRs 
The sample with only Au NRs, showed no sensitivity to H2 either in N2 or in air as carrier, in 
particular, with air as carrier it is possible to see in Figure 2.3.5 a continuous drift. This implies that 
the oxygen ions do not have any influence on the sensing behavior of bare gold, and there are no 
hydrogen ions adsorbed on Au surface. Moreover it is possible to say that in this case, at RT, Au 





Fig. 2.3.5- Time resolved test with the shifts for a single Au NR performed exposing the sample to multiple N2-H2 (left) 
and air-H2 (right) cycles. 
2.3.2.3.2 Gas sensing test on Au NRs + Pt NPs 
Considering the sample with Au NRs coupled with Pt NPs, only some NRs showed sensitivity to H2 
in N2 flow, as shown in Figure 2.3.6 a (yellow marked). Probably the working NRs are only the one 
close or in contact with Pt NPs, which, as a consequence, can easily crosstalk with Pt and this 
allows the injection of electrons from the Pt surface into the NRs and the blue shift in the LSPR 
showed in Figure 2.3.6 b.. 
 
Fig. 2.3.6- a. DFM image of a dynamic gas sensing measurement for single Au NRs coupled with Pt NPs, the sensitive 
Au NRs are marked in yellow while in red are marked those not sensitive; b. single Au NR scattering spectrum in N2 
(black line) and in H2 (red line) flux, it is evident the longitudinal SPR peak shift. 
The mechanism proposed is the H2 molecules spillover (1) on Pt NPs surface, thanks to the catalytic 
activity of Pt, which produce electrons that are consequently injected into the Au NRs closer to the 




    
  
→          (1) 
In Figure 2.3.7 and 8 a. are reported the optical trajectories corresponding to the hydrogen cycles; 
the spectral scattering intensity is color-coded over time. The black lines denote the wavelengths of 
the maximum of the plasmonic peak and to better visualize the shift the time resolved shift   is 
also reported. These images are presented for the NRs coupled with Pt samples in H2 with carrier N2 
(Fig. 2.3.7 b.) and air (Fig. 2.3.8 b.).  
 
Fig. 2.3.7- Time resolved test with color-coded spectral scattering intensity (a.) and shift (b.) for Au NRs + Pt NPs 
sample performed exposing the sample to multiple N2-H2 cycles. 
 
Fig. 2.3.8- Time resolved test with color-coded spectral scattering intensity (a.) and shift (b.) for Au NRs + Pt NPs 
sample performed exposing the sample to multiple air-H2 (b) cycles. 
From Figure 2.3.6 b it is possible to note that the H2 affects both the position (there is a blue-shift) 
and the intensity (there is an increase of the intensity) of the LSPR peak of the Au NRs. The blue-
shift is better visualized in Figure 2.3.9, from which it is possible to note a 2 nm shift both for N2 
and air gas carrier for a chosen NR sensitive to H2. Using as carrier air, like in N2 flow, not all the 
NRs are sensitive. Regarding the sensitivity, the presence of oxygen ions does not affect the shift 




Fig. 2.3.9- Comparison between the time resolved test for Au NRs + Pt NPs sample performed exposing the sample to a 
H2 5% cycle using as carrier N2 (red line) or air (black line).  
2.3.2.3.3 Gas sensing test on Au NRs + TiO2 
To understand the role in the sensing of a semiconducting material surrounding the Au NRs, 
without the presence of Pt to catalyze the H2 oxidation, a time resolved test for single Au NRs 
covered with TiO2 matrix was performed in both N2 and air, as carrier. The NRs in TiO2 are not 
sensitive to H2 in N2 flux (Fig. 2.3.10), implying the absence of oxygen ions adsorbed on the 







Fig. 2.3.10- Time resolved test with the shifts for a single Au NR covered with TiO2 performed exposing the sample to 





Fig. 2.3.11- Time resolved test with color-coded spectral scattering intensity 3-dimensional a. and bi-dimensional b. and 
with the shift c. for single Au NRs covered with TiO2 performed exposing the sample to multiple air-H2 cycles.  
In air flow (Fig. 2.3.11), instead, with oxygen ions adsorbed on TiO2, even in the absence of Pt NPs, 
there is sensitivity towards H2, because the oxygen presence is needed and is enough on its own to 
allow the H2 oxidation and the matrix reduction, without any catalyst, as shown in reaction 2. 
      
  →        
  (2) 
2.3.2.3.4 Gas sensing test on the Au NRs + (TiO2-8%Pt NPs) sample 
Performing the single-particle time-resolved gas sensing test on Au NRs coupled with Pt NPs 
embedded in a TiO2 matrix, it is visible a clear blue-shift of the longitudinal SPR peak, together 
with a strong increase of the LSPR peak absorbance (Fig. 2.3.12a) during H2 exposure balanced 
with N2. From Fig. 2.3.12 b and c it is possible to note that the shift is of 6 nm and the trend of the 





Fig. 2.3.12- Time resolved test with color-coded spectral scattering intensity 3-dimensional a. and bi-dimensional b. and 
with the shift c. for single Au NRs covered with TiO2 matrix with embedded Pt NPs performed exposing the sample to 
multiple N2-H2 5% cycles. 
 
It has been demonstrated with this experiment (Fig. 2.3.12) that the shift monitored for the different 
samples is not just the absorption and desorption of oxygen ions but a real electrons injection; 
because in N2 flux the shift is 6 nm and there is no O2 from the atmosphere influencing the sensing 
mechanism. The shift, therefore, is not due to desorption of oxygen ions in H2 flux, neither to the 




, as previously said, but a real electrons injection. 
In Figure 2.3.13, instead, it is shown the same test performed using as carrier air and the shift in this 
case is around 20 nm. This suggests that oxygen ions have an important role in H2 oxidation in 





Fig. 2.3.13- Time resolved test with color-coded spectral scattering intensity 3-dimensional a. and bi-dimensional b. and 
with the shift c. for single Au NRs covered with TiO2 matrix with embedded Pt NPs performed exposing the sample to 
multiple air-H2 5% cycles. 
When the test is performed in presence of oxygen ions (carrier air) the H2 spillover (1) and the 
consequent electrons injection is more efficient, probably because there are more reactive sites for 
H2 oxidation thanks to reactions (3), in fact the shift is 20 nm, ~3 times more than in N2 (Fig. 
2.3.14). 
      
   
  
→               →         





Fig.2.3.14–Comparison between the time resolved test for the Au NRs + (TiO2-8%Pt NPs) sample performed exposing 
the sample to a N2-H2 cycle (red line) or air-H2 cycle (black line). 
2.3.2.3.5 Gas sensing test on the Au NRs + TiO2 + Pt NPs sample 
To prove that there is not a direct contact but a tunneling phenomenon from Pt NPs to Au NRs 
through a double injection mechanism, into the conduction band of TiO2 and then from it into the 
NRs, a sample has been made with Au NRs, a layer of TiO2 matrix and a Pt NPs layer on the top of 
the TiO2 matrix, in which a charge transfer, through contact, from Pt towards Au NRs is not 
possible because there are 40 nm of TiO2 in between. From Figure 2.3.15-17 it is possible to note 
that in air flux the shift is of ~14 nm, instead in N2 it is only of 3 nm. This means that the 
improvement, in oxygen presence, in the sample Au NRs + (TiO2-8%Pt NPs) in air flux, is due 
mostly to an increase in the contribution of the TiO2 matrix, where probably the oxygen present in 
air can be absorbed.  
    
Fig. 2.3.15- Time resolved test with color-coded spectral scattering intensity (a.) and shift (b.) for Au NRs covered with 




    
Fig. 2.3.16- Time resolved test with color-coded spectral scattering intensity 3-dimensional a. and bi-dimensional b. and 
with the shift c. for single Au NRs covered with TiO2 matrix with a Pt NPs monolayer on the top of TiO2 performed 
exposing the sample to multiple air-H2 cycles. 
In Figure 2.3.17 a. comparison between the time resolved tests for Au NRs + TiO2 (blue line), Au 
NRs + (TiO2-8%Pt NPs) (black line) and Au NRs + TiO2 + Pt NPs  (red line) samples is reported. 
Comparing the response of the samples Au NRs + TiO2 (blue line) and Au NRs + (TiO2-8%Pt NPs) 
(black line) it is possible to say that in presence of Pt NPs the shift is 2 times higher thanks to its 
catalytic behavior. 
It is possible to note that the dynamics are faster and the shift is higher in presence of Pt embedded 
in the matrix (black line), moreover, with Pt NPs on the top (red line), the shift is higher than the 
sample without Pt (blue line) and the recovery is faster than the response. In the case of N2 as 
carrier, as already reported, the shift as smaller and without Pt NPs there is no sensitivity. 
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Fig. 2.3.17- Comparison between the time resolved test for Au NRs + TiO2 (blue line), Au NRs + (TiO2-8%Pt NPs) 
(black line) and Au NRs + TiO2 + Pt NPs (red line) samples performed exposing them to an air-H2 (a.) and N2-H2 (b.) 
cycle. 
2.3.2.3.6 Gas sensing test on the Au NRs + (SiO2 8% Pt NPs) sample 
In order to confirm the effectiveness of the TiO2 matrix for the electron injection through the 
semiconducting matrix, a control test has been performed with an insulating matrix of SiO2 in 
presence of Pt NPs, to show that such matrix does not allow the electrons coming from the H2 
spillover to tunnel from Pt NPs to the Au NRs. For such sample no Au SPR peak shift has been 
detected during H2 exposure (Fig. 2.3.18). 
    
Fig. 2.3.18- Time resolved test with the shifts for a single Au NR covered with SiO2 matrix with embedded Pt NPs 
performed exposing the sample to multiple N2-H2 (left) and air-H2 (right) cycles. 
From the data reported till now it possible to say that there is a charge-transfer from the Pt NPs 
surface into Au NRs, when the NRs are covered by a TiO2 matrix, which is an high-k dielectric, and 
this give arise to a particular mechanism in the H2 gas sensing. In a nanocomposite Au/TiO2+Pt 
film, charge carriers (electrons) generated by the H2 spillover are captured mainly in the Au 
nanoparticles covered by the dielectric matrix. Some of them can be captured by traps in the 
dielectric and at Au NRs/TiO2 interfaces, but the concentrations of localized energy states (traps) 





Moreover, it is known [
10
] that there is always a charge-carrier injection/extraction at the metal-
dielectric contact, this can give a further explanation  to the overall effect here presented, as already 
said, in fact, into the semiconducting matrix, all the NRs give the same trend in the response; 
moreover this is not true in absence of a matrix. 
So, in H2 flux, in presence of a matrix, there is an electron injection, from the Pt surface where takes 
place the spillover reaction or, in absence of Pt, from the O
2-
 sites on TiO2 surface into the Au NRs, 
through tunneling in the matrix which redistributes the electrons from its conduction band [
11
] 
between all the NRs [
12
]. This is estimated to be the main current transport mechanism. 
This electrons injection, as already said and widely reported, cause a plasmon blue-shift [
13
], on the 
other hand, from Figure 2.3.6b, 2.3.11a, 2.3.12a 2.3.13a and 2.3.16a it is clear that there is also a 
strong plasmon absorbance increase, stronger than the shift and even stronger in presence of a 
semiconducting matrix.  
In order to understand this increase we tried to derive the relationship between the absorbance of a 
nanocomposite made of Au NPs dispersed in a matrix (in the case of high dilution) and the electron 
density of the Au NPs.  
Than from equation 4 it is possible to conclude that the absorbance at the LSPR position ( LSPR) is 
proportional to the electronic density: 
    
   
   
       
        
 
    
     
 
   
     
   (4) 
where f is the volume fraction of NPs, L is the depolatization factor,  m is the dielectric constant of 
the matrix,  SPR is dielectric constant of medium at the SPR, Ne is the number of electrons 
oscillating (the other terms of the equation 4 were obtained from the calculations reported in 
Appendix A.4 and performed by Pecharromán). This explains why there is a strong absorbance 
increase of the plasmon band in H2 flux. 
Another effect that can influence the position and height of the LSPR peak of Au NPs embedded in 
a matrix is the variation of the dielectric function of the matrix. So, there could be also an effect 
related to a change in the polarizability of the TiO2 matrix due to the H2 reactions, which involves 
an increase in its dielectric constant.  
The increase in the dielectric constant depends on the number of electrons in the conduction band of 
TiO2 and implies an increase in the absorbance all over the spectrum, this has been verified 
exposing a TiO2-Pt sample, without Au, to a flux of N2 to obtain the desorption of the O
2-
 ions 
absorbed on the TiO2 matrix. Then on the sample without O
2-
 ions absorbed, a gas sensing test has 
been made, with H2 5%. From Figure 2.3.19 it is possible to note that there is a blue shift, which 
involves an electron injection at the band gap, for the Burstein-Moss effect [
14
]; instead at the tail 
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there is a strong increase in absorbance, linked to the increase of k because of the electrons 
injection. The same test has been performed in flux of air, as in the single particles measurement, 
the increase in absorbance is more evident in presence of O
2-
 ions adsorbed on the matrix surface 
(Fig. 2.3.19 inset b). Regarding the increase of the real part of the refractive index, n, in presence of 
N2 and H2 cycles, no significant changes have been found in the visible range.  
 
Fig. 2.3.19- Optical absorption change (OAC) curve for a TiO2-Pt sample exposed N2 and 50000ppm H2. In the insets 
are presented a magnification of the absorption spectra at the band gap in N2 (inset a) and at the tail in air (inset b) and 
50000ppm H2 flux. 
 
To better visualize and compare the increase in absorbance, due to the increase of k of the TiO2 
matrix, a time resolved test has been performed (Fig. 2.3.20), at a fixed wavelength, and the results 
reported for the single particle gas sensing measurement are confirmed, without the catalysis of the 
Pt and without oxygen adsorbed there is no electron injection and consequently no increase in the 
matrix k value. 
 
Fig. 2.3.20- Comparison between the time resolved test with the optical absorption technique for TiO2 in N2 (pink line) 





In this chapter we have studied the influence that a semiconductive matrix and the oxygen ions 
adsorbed on it have on the electrons exchanges involved in a red-ox reaction. Moreover, as 
highlighted from the results, it is possible to affirm that Au NRs do not have any active role in the 
H2 gas reaction mechanism, they are just an optical probe, in fact the test on bare Au NRs did not 
give any response, instead the test with bare Au NRs coupled with Pt NPs gave a shift of the Au 
LSPR band of 2 nm, due to the catalytic role of Pt NPs. 
Moreover, it is possible to say that the semiconducting matrix, together with the Pt NPs presence, 
has a really important role in increasing the efficiency of the electrons injection, also with an overall 
effect on all the Au NRs observed, due to the redistribution of the electrons injected between all the 
NRs. Another important factor is the oxygen ions presence absorbed on the metal oxide matrix, 
which has a fundamental role in the sensing mechanism, even in Pt absence, but together with Pt 
there is a huge improvement, a shift of 20 nm, 3 times higher than without oxygen. 
The mechanism proposed in the present work is the electron tunneling through the matrix from Pt 
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2.4 Gallium doped Zinc Oxide infrared plasmon based-sensing at low 
temperature 
Zinc oxide (ZnO) is a promising material for gas sensing applications because of its chemical 
sensitivity to gases, its high chemical stability, suitability to doping, non-toxicity, abundance in 
nature and low cost. Many researchers have already studied ZnO thin films for the optical detection 
of toxic gases [
1




], which is a subject of growing importance in both domestic 




 greatly enhance 
the conductivity without altering the transparency in the visible of ZnO. Al- or Ga- doped ZnO 
(GZO and AZO) are among the most used transparent conductive oxides (TCOs), together with tin-
doped indium oxide (ITO). ITO has already been tested for H2 [
4
], and also for the volatile organic 
compound (VOC) electrical sensing by N.G. Patel et al. [
5
].Even GZO and AZO have been used for 
electrical sensing of VOC by P.P. Sahay et al. [
6
],  of liquid petroleum gas by P.P. Sahay [
7
], of NO2 
and H2S by N. Vorobyeva [
8
].  





]. Gold and silver present the SPR peak in the visible region, instead the 
TOCs have a SPR peak in the NIR region, due to the fact that the electron density that can be 
introduced in semiconductors by doping is lower than typical metals [
11
].The advantage of TCO 
towards metals, is that their plasmon resonance frequencies can be adjusted on the basis of the 
chemical doping level [
12
]. 
In this chapter we monitor the GZO/AZO plasmon band shift in reducing and oxidizing gas, related 
to exchange of electrons between the gas and the TCO thin film.  
2.4.1 Experimental 
2.4.1.1 Nanoparticles synthesis 
The GZO/AZO NPs and the Pt NPs synthesis procedure are reported in the appendixes A.2.6, 
A.2.10, respectively.  
2.4.1.2 Samples deposition 
The GZO/AZO colloids, dispersed in toluene, were deposited on glass and silicon substrates by spin 
coating at 3000rpm for 30sec. Then the thin films have been thermally treated to stabilize them, but 
it is known that thermal treatment of TCOs in air causes a decrease in the IR absorption, because of 




], moreover it makes the sample reducing its 
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transparency because of the carbon residues, so the samples have been UV treated for 45min to 
decompose the organic compounds and then treated at 450°C in reducing atmosphere (95%Ar-
5%H2) [
15





/Vs, because of the increase defect density, as already reported in our previous work [
15
]. 
In order to promote the gas (H2 and NO2) reaction at low temperature, Pt NPs have been spin coated 
(0,1 M Pt solution at 3000rpm for 30sec) on top of the GZO and AZO films. . Finally the samples 
have been treated on hot plate at 100°C for 15min to stabilize them for the gas sensing tests. The 
samples prepared are summarized in Table 2.4.1. 
Samples without Pt Samples with Pt 
GZO 5% GZO 5%/Pt 
GZO 3% GZO 3%/Pt 
GZO 1% GZO 1%/Pt 
AZO 5% AZO 5%/Pt 
AZO 3% AZO 3%/Pt 
AZO 1% AZO 1%/Pt 
Tab. 2.4.1- GZO and AZO samples with different level of Al or Ga doping deposited on fused silica and coupled with 
Pt NPs. 
2.4.1.3  Gas sensing measurements 
Optical gas sensing tests were at room temperature and at 80 °C and the sensor was tested for both 
reducing and oxidant gases, H2 and NO2, respectively, all balanced with synthetic air. In particular, 
the concentrations of H2 was set at 10000 ppm; the concentration of NO2 was set at 1000 ppm, 
using the GZO/AZO plasmonic peak in the NIR region it is possible to use that high concentration 




2.4.2 Results and discussion 
2.4.2.1 Structural and optical properties 
 
 
Fig. 2.4.1- UV-Vis absorption spectra of GZO 1-5% (a.) and AZO 1-5% (b.) deposited on fused silica; sheet resistance 
of ZnO films according to Ga amount (c.). 
From the absorption spectra reported in Figure 2.4.1 it is possible to note an increase in the NIR 
region of the thin film absorbance, this is due to the SPR triggered by the substitution of Zn
2+
 ions 




, which increase the number of 
free electrons in the structure. A clear decrease in sheet resistance of ∼2 orders of magnitude has 
been observed in the doped films with respect to the undoped case (Fig. 2.4.1 c), as a consequence 
of the increased density of free carriers generated by Ga
3+
 doping. The decrease is very pronounced 
for low Ga concentrations, while for higher doping levels, the incremental resistance change is not 
as large. 
SPR behavior is explained by the Drude free electron model, which describes the transport 
properties of electrons in any conducting material by portraying the conduction electrons as a non-
interacting classical gas surrounding immobile positive ions. In response to electromagnetic waves, 
the conduction electrons oscillate and create an electric field on the surface that has a limited 
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penetration depth (skin depth). The collective response of the conduction electrons to the alternating 
electric field can be compared to a forced harmonic oscillator. The restoring force is the Coulombic 
attraction of the electrons with the nuclei in the lattice. The resonant frequency of the forced 
harmonic oscillator is also known as the plasma frequency [
16
]. Comparing the absorption spectra of 
GZO and AZO both doped 5% it is possible to note (Fig. 2.4.2) that GZO has a higher SPR onset in 
the NIR. As anticipated before, the absorption in the NIR is the onset of the plasmon resonance 
arising from the free carriers provided by Ga doping: Fourier transform IR (FTIR) spectra of a 
GZO3 sample deposited on silicon substrate (Figure 2.4.2 on the right) show the broad surface 
plasmon resonance peak centered around 6 μm, and interestingly, the peak is shifted at shorter 
wavelengths after the annealing in reducing atmosphere, suggesting an increase in the amount of 
free carriers. In fact, as described by Mie theory [
17
], the surface plasmon resonance frequency is 
proportional to the square root of the free electron concentration, and an increase in the electron 
amount causes an increase in the surface plasmon resonance frequency, consistent with the 
observed blue shift. 
In Figure 2.4.3 the SEM images are reported and uniform coatings can be observed. 
 
Fig. 2.4.2- Comparison between the UV-Vis absorption spectra of GZO 5% and AZO 5% (left) and FTIR spectra (right) 
of a GZO3 film as deposited (black line) and after the annealing in 95% Ar/ 5% H2 atmosphere at 450°C (red line); the 
orange box highlights the visible range. 
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Fig. 2.4.3- SEM images of GZO 5% and AZO 5%. 
Moreover, to optimize the gas sensing performances of the samples, a monolayer of 0,1M Pt NPs 
has been deposited via spin coating on the top of the TCO thin films, in Figure 2.4.4 is reported the 
change in the absorption spectra for GZO 5%. The deposition of the Pt NPs slightly affect the 
absorption spectra and the GZO films retain their absorption band in the NIR. 
 
Fig. 2.4.4- Comparison between the UV-Vis absorption spectra of GZO 5% pre and post Pt NPs deposition. 
Finally we performed XRD measurements on the samples with and without the Pt NPs monolayer, 




Fig. 2.4.5- Comparison between the XRD patterns of GZO 1-5% and of GZO 5% pre and post Pt NPs deposition. 
 
Fig. 2.4.6- Comparison between the XRD patterns of AZO 1-5% and of AZO 5% pre and post Pt NPs deposition. 
 
XRD data show (Fig. 2.4.5-6) only ZnO-related peaks assigned to the hexagonal wurtzite structure 
(JCPDS no. 36-1451); at 31.77° for the (100) plane, at 34.42° (002) plane, at 36.25° (101) plane, at 
47.54° (102) plane and at 56.60 (103) plane. 
No significant variation in XRD peaks has been detected between the different samples, only a 
variation in their relative intensity and broadening. These effects are assigned to variations in the 
shape and size of the nanocrystals due to the presence of dopant ions in the growth solution and not 
to changes in the crystal structure.  
Transmission electron microscopy (TEM) analyses showed the presence of rather spherical 
nanoparticles for pure ZnO as well as for low Ga concentration, but slightly elongated for higher Ga 
concentration, confirming the influence of the dopant salt in the NC shape (Fig. 2.4.7). 
Moreover, about the Pt NPs, it is possible to note the peaks typical of cubic Pt (JCPDS No. 04-




Fig. 2.4.7- TEM images of (left) pure ZnO and (right) GZO3 NCs. 
About the refractive index of the films, measured with ellipsometric technique, for GZO is ~1.7 at 





 is neglectable.  
Moreover, the experimental Ψ and Δ values in the visible and NIR range have been fitted assuming 
a simple Cauchy dispersion for the refractive index of pure ZnO, but the model diverged for GZO 
films. In order to improve the fitting results, a Drude oscillator was added in the NIR region in order 
to better fit the IR absorption, as shown in the inset of Figure 2.4.8, confirming again the metal-like 
behavior in the IR region due to the large number of free carriers. All the samples have a thickness 
around 100nm. 
 
Fig. 2.4.8- Refractive index and extinction coefficient dispersion curves of a GZO3 film. The inset shows a 
smaller region of the extinction coefficient curve. 
2.4.2.2 Gas sensing tests 
The gas sensing tests have to be performed at an operating temperature of maximum 80°C, because 
it is like an annealing in air which would cause the LSPR feature to disappear, consistent with the 





On the doped ZnO surface, oxygen ions are adsorbed, as described in reaction (1), the most stable 





 1/2O2 + e(C.B.)
-
 → O- (ads) (1) 
Regarding the reaction with the target gases , for H2, the oxidizing reaction, already widely reported 
is: 
 H2 + O
-
(ads) → H2O + e
-
 (2) 
for NO2 instead it is: 









(ads) → NO2 + 2O
2- 
(ads) (4) 
These reactions can be catalyzed by Pt, which in the case of H2, splits the molecule in H+ and e-, 
making easier the injection of electrons in the GZO/AZO structure, in this way the number of 
electrons oscillating in the semiconductor structure increases, causing a blue-shift of the SPR onset, 
as visible in figure 6, on the countrary, with NO2, a subtraction of electrons is involved, so there is a 
red-shift of the SPR of GZO/AZO, also in this case visible in Figure 2.4.9. 
 
Fig. 2.4.9- Absorption spectra of the sample GZO 5% in air and target gas (H2 and NO2). 
To better visualize the gas effect, the Optical Absorbance Change (OAC) parameter, defined as the 
difference between absorbance during gas exposure and absorbance in air (OAC=AbsGas-AbsAir) is 
also reported in Figure 2.4.10. For all the prepared samples, CO did not induce any variation of the 
absorption. It is possible to note that, apart the variation in the NIR region due to the modification 
of the SPR peak, there is also a strong change in the visible at the band gap. Intersentigly the effect 




Fig. 2.4.10- OAC curves for the sample GZO 5% in H2 and in NO2. 
In Figure 2.4.11 are reported the gas sensing tests for both the samples GZO and AZO doped at 5%, 
at RT and at 80°C, which are the only samples to be sensitive to the tested gases without the 
presence of Pt. It is possible to note that at 80°C the delta in absorbance is higher and the dynamics 
are faster. 
 
Fig. 2.4.11- Time resolved tests for GZO and AZO samples performed at 2400 nm after exposure to multiple air-H2 
cycles at RT and at 80°C. 
Comparing the performances of AZO and GZO 5%, the best sensitivity is for GZO, probably 
because it has a higher number of oxygen vacancies and consequently higher number of free 
charges, which participate to the sensing, as reported in the conductivity measurement (Fig. 2.4.1 c). 
Thanks to the coupling with Pt NPs, with their catalytic behaviour towards the redox reactions of H2 
and NO2 in particular, the GZO and AZO film increase their sensitivity and lower the response and 




Fig. 2.4.12- Time resolved tests for GZO and AZO 5% at 80°C with and without Pt at 2400 nm. 
Moreover, looking at the influence of the amount of doping (Fig. 2.4.13) on the sensing 





increases while the dynamics are always quite fast because of the presence of Pt NPs. The increase 
of gas sensing response can be related to the higher centration of free electrons with the increase of 
the Ga or Al doping. 
 
Fig. 2.4.13- Time resolved tests for GZO and AZO 1-5% at 80°C with Pt NPs at 2400 nm. 
In Figure 2.4.14 are reported the sensing measurement of the GZO e AZO coupled with Pt NPs, 
performed at 80°C, towards H2, CO 10000 ppm and NO2 1000 ppm; the sensitivity towards H2 is 
good, as already showed, for both the samples, instead towards CO only the GZO based film are 
sensitive. Regarding the sensitivity towards NO2, the GZO based film is more performing, 




Fig. 2.4.14- Time resolved tests for GZO/AZO 5% Pt at 80°C at 2400 nm with H2 and NO2. 
Going in deep in this gas sensing mechanism it is possible to say that, like already widely done by 














], we are exploiting in the same way the SPR peak 
of GZO and AZO.   
The only difference between the sensing with Au and with plasmonic semiconductors is that we 
cannot monitor the maximum of the plasmon band but only its onset, because the maximum is out 
of the spectrophotometer working region, in the IR. 
Some gas sensing tests have been performed at the GZO/AZO band-gap, at the corresponding 
wavelength there is, in the OAC curve (Fig. 2.4.10), a marked variation in absorbance, but, from the 
dynamic tests at 374 nm (Fig. 2.4.14) it is possible to notice that the performances are not as good 
as at the SPR onset wavelength, 2400nm. 
 





In this chapter we have investigated the optical gas sensing performances of plasmonic 
semiconductors: GZO/AZO coupled with Pt NPs towards H2 at 10000 ppm and NO2 at 1000 ppm. 
The sensors show good responses towards H2 and NO2 with reversible response, while no 
detectable response is observed toward CO. In particular the GZO and AZO 5% doped are the only 
samples, if compared to the 3 and 1% doped, to be sensitive at RT even without Pt to H2 in 
particular; moreover the GZO5%-Pt sample shows the best sensing performances thanks to the 
higher doping and the catalytic behaviour of Pt NPs. 
The mechanism involved in the sensing with reducing (H2) and oxidant (NO2) gases using 
GZO/AZO is just a combination between the plasmonic behavior in the NIR of doped ZnO, and an 
exchange of electrons with the target gases through red-ox reactions mediated by the adsorbed 
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2.5 Graphene oxide coupled with gold nanoparticles for gas sensing 
In recent years, graphene has been attracting considerable attention due to its unique morphological 




]. Despite its interesting features some of the interest has diverted 
towards its partially oxidized form, graphene oxide (GO), that has emerged as an alternative to 
graphene for selected applications, thanks to its low cost, production scalability, ease of processing 





GO consists in atomically-thin graphene sheets that are covalently decorated with oxygen-





-hybridized carbon atoms. In particular, tailoring of the size, shape and relative 
fraction of the sp
2
-hybridized domains of GO by chemical or thermal reduction provides 
opportunities for tailoring its optoelectronic properties. For example, as-synthesized GO is 
insulating but just by varying the oxidation level, with a controlled de-oxidation, a partially reduced 
GO can act as a semiconductor [
4
]. 
It has been shown that GO can act as a photocatalyst for the production of H2 from a 20 vol % 
solution of methanol in water [
5
]; other studies [
6
] have explained this behavior by ab-initio 
modeling, suggesting that GO is particularly effective thanks to its clean band gap and providing 
criteria for the determination of the ideal oxidation state for a given application. Furthermore, its 
highly 2-dimensional nature, which determines huge surface-to-volume ratio, and efficient UV 
absorption make it a very promising material for photocatalysis [
7
] and suggest potential 
applications wherever its peculiar optoelectronic properties can be exploited. 
Here we used partially reduced GO coupled with Au NPs for optical gas sensing with the aim of 
combining the semiconducting and photocatalytic activity behavior of the partially reduced GO and 
the LSPR of gold NPs. The synergistic interplay between these materials resulted in an 
enhancement of the photocatalytic properties of GO [
8
], extending them to the visible range where 
the LSPR of Au NPs can be used as an optical probe. The LSPR is known to be extremely sensitive 
to the changes in the dielectric properties of the surrounding medium, a characteristic that has been 




]. Here we expect an even larger 
enhancement of this effect induced by the electronic coupling of Au NPs and GO and the 
interactions of GO with reducing and oxidizing gases. While the use of GO for gas sensing has been 






], with the GO-Au NPs system already employed as a resistive 
gas sensor [
14
], only very recently GO has been used in an optical fiber array for the detection of 
vapors [
15
] and here GO is used as sensing material in an optical sensor for the detection of reducing 
and oxidizing gases. Moreover Au NPs exhibit a well-established, wavelength-dependent optical 
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response, which can be exploited as a mean to improve the selectivity of the sensor using 
wavelength modulation. 
2.5.1 Experimental 
2.5.1.1 Nanoparticles synthesis  
The Au NPs monolayers were synthesized and deposited as described in appendix A.2.12. 
2.5.1.2 Preparation of Au monolayer  
Au monolayers have been prepared on fused silica slides or silicon. The substrate was first 
functionalized with (3-aminopropyl) trimethoxysilane (APTMS) as described in [
16
]. To deposit the 
monolayer, we used Au NPs PVP capped using the procedure reported in [
16
]. The monolayers were 
formed by spin-coating at 3000 rpm for 30 sec the liquid suspensions of gold NPs directly onto the 
APTMS. In this study, we prepared Au monolayers with 2 different extents of surface coverage, 
hereafter indicated as low (L), and high (H). L and H samples have been obtained by spinning 15 
and 30 mM Au NPs solution, respectively. The as-deposited monolayer samples were thermally 
treated at 150 °C for 30 min in air. Following this stabilizing treatment, the samples were used as 
substrates for the GO deposition. 
2.5.1.2 Sample preparation and GO deposition 
Commercial (Graphene Supermarket) GO solution with a concentration of 0.5 mg/mL has been spin 
coated on the Au monolayers in two successive depositions, the first at 3000 rpm and the second at 
2000 rpm in order to increase the flakes density, and the resulting samples were annealed at 150°C 
for one hour in air. As the annealed GO samples resulted partially reduced (see results and 
discussion section) such samples have been labeled as rGO. 
2.5.2 Results and discussion 
2.5.2.1 Structural and optical properties 
The UV-Vis spectra of the gold monolayer are reported in Figure 2.5.1. In accordance with previous 
publications, an increase of the surface coverage results in both an increase of intensity and a red 




]. The increase in absorbance with higher surface coverage is 
simply related to the larger cross-section of the NPs interacting with the incoming beam, while the 
red shift of the plasmon absorption can be ascribed to the decrease in the interparticle distance: the 
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Fig. 2.5.1- UV-Vis absorption spectra of the AuH and AuL NPs monolayers deposited on fused silica. 
SEM images of the metal NP monolayers are reported in Figure 2.5.2, from which it is possible to 
note that the Au NPs are homogeneously dispersed on a micron scale and lie almost entirely on a 
single monolayer. A mean particle diameter D = 14±1 nm has been estimated. 
 
Fig. 2.5.2- SEM image of the AuH monolayer deposited on silicon. 
SEM pictures of the rGO deposited by spin coating on a silicon substrate are reported in Figure 
2.5.3. The typical flakes dimensions range from hundreds of nm to few μm. The substrate coverage 




Fig. 2.5.3- SEM image of rGO deposited on silicon. 
These observations are confirmed by the AFM images of the metal NP monolayers coated with rGO 
(Fig. 2.5.4); showing that there are regions in which the NPs are not coated with rGO flakes 
(marked with a circle in the figure). Yet most of the NPs are covered by rGO (square marked region 
in the picture) and in particular the area covered by rGO flakes can be recognized by the enhanced 
smoothness both in the height image (on the left) and in the phase image (on the right). The 
measured surface roughness is 3.2 nm on the rGO flakes and 4.5 nm on the bare Au NPs. 
 
 
Fig. 2.5.4- AFM height (left) and phase (right) images of rGO deposited on AuH monolayer on silica glass substrate. 
Square marked area represents regions where the Au NPs are covered by rGO flakes. Circle marked area represents 




Fig. 2.5.5- UV-Vis absorption spectra of rGO, AuH and AuH-rGO samples. The absorption spectrum of the bare glass 
substrate is also reported for comparison. 
The optical absorption spectra of the different samples are reported in Figure 2.5.5. It is possible to 
notice that the deposition of the rGO flakes on top of the Au NPs induces a small red shift of the 
LSPR peak, which can be attributed to the variation of the dielectric constant of the NPs 
environment and/or to the coupling of the localized surface plasmon of the gold NPs with the 




Fig. 2.5.6- C1s XPS spectra (top) and O1s XPS spectra (bottom) collected on single-layered GO thin film deposited on 
silicon and annealed in air at 150°C. The deconvolution of the experimental peaks showing the contribution of the 
different components is also shown. 
98 
 
XPS measurements are reported in Figure 2.5.6. The carbon/oxygen ratio was found to be 3.1, while 
the nominal ratio was 1.9. This means, according to literature, that the annealing in air at 150 °C 





The C 1s signal of our rGO consists of five different chemically shifted components which can be 
deconvoluted into: C=C/C-C in aromatic rings (284.6 eV); C-OH (285.8 eV); C-O-C (286.8 eV); 
C=O (288.1 eV); C=O(OH) (289.2 eV); and π-π* satellite peak (shake-up) (290.8 eV) (figure 6). 




]. The C-O bonds come from epoxy 
and hydroxyl groups in the basal plane. Our observations indicate that the majority of oxygen 
species consist of C-O (in the form of C-OH and C-O-C, respectively 16.3 and 8.5 at %) while more 
oxidized species such as C=O and C=O(OH) are present in lesser amounts.  
In Figure 2.5.6 it is also presented the O1s signal that appears at a binding energy in the range 529-
535eV, and can be deconvoluted, like in C1s signal, into C=O (530.6 eV), C-O-C (531.8 eV) and C-
OH (533.2 eV). As we already said, the majority of oxygen species consist of C-O (40.7 and 46.6 at 
%) while more oxidized species such as C=O are present in lesser amounts (7.8 at %). 
2.5.2.2 Gas sensing tests 
Figure 2.5.7 shows the absorption spectra of AuH-rGO when exposed to air and 100 ppm H2 or 1 
ppm NO2 in air: to better visualize the gas effect, the Optical Absorbance Change (OAC) parameter, 
defined as the difference between absorbance during gas exposure and absorbance in air 
(OAC=AbsGas-AbsAir) is also reported in the insets, together with the OAC for bare rGO. For all the 
prepared samples, CO gas did not induce any variation of the absorption. 
It is possible to notice that H2 (which is a reducing gas, Fig. 2.5.7a) induces a blue-shift of the Au 
LSPR peak, while the interaction with NO2 (which is an oxidizing gas, Fig. 2.5.7b) induces a red-
shift of the Au LSPR peak. The OAC spectra reported in the insets of Figure 2.5.7a and b show that 
the bare rGO samples are not sensitive to any gas, thus demonstrating that the presence of the Au 
NPs is necessary in order to have a detectable variation of the absorbance. On the other hand, bare 
Au monolayers showed very small variations (see the insets of Fig. 2.5.7), indicating that rGO 
enhances and amplifies the interaction of the gas with the Au NPs. 
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Fig. 2.5.7- Optical absorption spectra of AuH-rGO when exposed to air and 100 ppm H2 in air (a) and when exposed to 
air and 1 ppm NO2 in air (b). The insets show the OAC of GO, AuH and AuH-rGO. 
Dynamic tests have been conducted in the 500-600 nm wavelength range, corresponding to the 
LSPR peak region. The dynamic gas sensing tests are reported in Figure 2.5.8 and 2.5.9, showing a 
variation of the absorbance ranging from 0.1% (for 100 ppm) up to 0.5% (for 10000 ppm) for H2 
and a variation of 0.1% for 1 ppm NO2, while CO could not be detected. 
As this is the first time the GO is used as sensitive material for optical gas sensor based on the 
variation of optical absorbance, it is not possible to make a comparison whit other published data on 









]. The variation of the absorbance induced by the different gas reported 
in the present study is of the same order of magnitude of those reported for Au NPs dispersed in 
TiO2 film [
25
] which thickness is 3 times higher than our Au-rGO samples. 
The prepared samples have been tested several times for about one year, obtaining very 
reproducible results in terms of Au LSPR peak shift and variation in absorbance. 
The different wavelength dependence of the target gas showed in the insets of Figure 2.5.7, can be 
used for developing a selective gas sensor. As demonstrated in Figure 2.5.9, at 528 nm the sensor 
gives a positive absorbance change for H2, a negative variation for NO2, and no variation for CO. 
The behaviors of the different samples in the gas sensing tests are reported in Table 2.5.1. The 





Fig. 2.5.8- Time-resolved tests for AuH-rGO samples performed at 526 nm after exposure to multiple air-H2 cycles. 
 
Fig. 2.5.9- Time-resolved tests for AuH-rGO samples performed at 528 nm after exposure to multiple air-gas (10000 
ppm H2, 10000 ppm CO, 1ppm NO2) cycles. 
 






H2 10000 ppm 0,005 1 2 
H2 100 ppm 0,00075 2 4 
CO 10000 ppm / / / 
NO2 1 ppm 0,001 12 15 
 
AuL-rGO 
H2 10000 ppm 0,0015 1 3 
CO 10000 ppm / / / 
NO2 1 ppm 0,0003 15 17 
 
Tab. 2.5.1- Sensing performances for the different samples. 
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The reported response and recovery times are in agreement with already published data for 
conductometric gas sensors [
28
]. 
Bare Au NPs monolayer gave much slower dynamic repose to H2 and NO2 with respect to the Au 
monolayer coated with rGO, confirming the importance of the presence of rGO.  
In order to understand the gas sensing interaction mechanism it is worth to analyze the interaction 
of reducing and oxidant gas with metal oxides. 
In the case of metal oxides based gas sensors, atmospheric oxygen adsorbs preferentially on the 
surface defects of the oxides, resulting in changes of the conductivity and the optical properties 




]. The interaction of the target gases 
with the absorbed oxygen induce a variation of the charge densities which can be monitored by 
measuring the variation in conductivity [
31
] or the variation of the optical absorption [
32
]. 






], changing its 
electronic [
36
] and optical properties [35]. It has also been demonstrated that these effects are 
enhanced in the case of coupling with noble metal NPs [
37
]. 
For metal oxides it has been demonstrated that UV light exposure can remove the adsorbed oxygen 




]. This effect is reversible as soon as the 
UV source is removed and oxygen is restored in the environment. To analyze this effect we exposed 
rGO and Au-rGO samples to UV light keeping the samples in nitrogen stream. UV−visible 
spectroscopy was performed: after turning off the UV lamp while maintaining the sample under a 
nitrogen stream, we observed an absorption increase (Figure 10) due to removal of adsorbed 
oxygen. When air is re-introduced inside the cell, the effect is lost in a time scale of a few tens of 
minutes. 
 
Fig. 2.5.10- Optical absorption spectra of rGO under N2 atmosphere before and after exposure to UV light. The 
absorption spectrum of the bare glass substrate is also reported for comparison. 
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The reducing gases (H2 and CO) react with the oxygen absorbed on the surface of the rGO and 
donate electrons, while oxidant gases (NO2) subtract electrons. In both cases there is a change in the 
charge density of the rGO that can be monitored by measuring the variation in conductivity [
28 29
] or 
in the optical absorption, as reported for the first time in the present paper. The presence of the Au 
NPs greatly enhances such effect. Changes in the Au NPs electron density can alter the plasmon 
frequency causing a shift in the LSPR band position [
40
]. Moreover the presence of Au NPs can 
improve the visible-light photocatalytic activity through resonant energy transfer (RET) [
41
]. The 
Au NPs convert the energy of incident photons into LSPR oscillations, transferring the energy to 






The sensing reactions for reducing (H2, CO) and oxidant (NO2) gases can be explained as follow. 
The reducing gases react with the oxygen absorbed on the surface of the GO and donate electrons. 
Oxidant gases instead, react with the oxygen ions absorbed on the surface of the GO matrix and 
subtract electrons. These reactions are catalyzed by the presence of Au NPS which enhance the 
visible-light photocatalytic activity of GO through RET. This injection or subtraction of electrons in 
and from the GO implies a shift in the LSPR due to the strong electromagnetic coupling between 
the metal NP and the GO sheets. The plasmon band blue-shifts with reducing gases and red-shifts 
with oxidant gases as already observed for Au NPs dispersed in metal oxide matrices [
25 26 27
]. 
The peculiarity of partially oxidized GO, completely different from the other nanostructured 
materials already tested in optical gas sensing like metal oxide, is the mechanism of carrier 
transport, linked to the particular structure of this material. 
GO, in fact, is a graphene sheet functionalized with oxygen groups in form of epoxy and hydroxyl 
groups on the basal plane and various other types at the edges. The C-O bonds are covalent and thus 
disrupt the sp
2
 conjugation of the hexagonal graphene lattice, making GO an insulator. The 




 hybridizations and 
therefore cannot be readily explained by traditional valence and conduction band states. Lateral 
transport occurs by hopping between localized states (sp
2
)  (Fig. 2.5.11) at the Fermi level. The 
density of such localized states can be increased by removing oxygen using a variety of chemical 
and thermal treatments, which facilitate the transport of carriers, making reduced GO a semimetal.  
The vertical resistivity of non-reduced GO is an order of magnitude lower than the lateral 
resistivity. This is attributed to the fact that the sp
2
 clusters are isolated laterally but are in contact 
with the metal NPs underneath. Thus, carriers (both holes and electrons) can be injected and 
transported via the isolated sp
2
 clusters.  
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In our case, with partially oxidized GO, the transport is intriguing due to the presence of substantial 




 carbon ratios. The sp
2
 clusters densities is 
sufficient to permit the conduction, because the sp
2
 domains are percolating. 
Kaiser et al. analysis indicated that transport in their reduced GO (r-GO) occurs via variable range 










Conduction in r-GO is limited by defects and occurs from a combination of hopping and thermal 
activation at midgap states, as is commonly observed in noncrystalline materials [
45
]. 
Kaiser et al. reported that electrical conduction in r-GO can be explained by variable-range hopping 
(VRH) through the localized states. In the VRH model, the temperature dependence of the 
conductivity σ can be described by: 
 ζ= A exp(-B/T1/3) (1) 
The parameters A and B are expressed as:  




where e is the electronic charge, R0 is the optimum hopping distance, νph is the frequency of the 
phonons associated with the hopping process, kB is the Boltzmann constant, R is the wave function 
decay constant, and N(EF) is the density of states near the Fermi level. 
 
 




This hopping and thermal activation mechanisms inject (H2) or subtract (NOx) electrons into the 





In this paragraph we have investigated the optical gas sensing performances of rGO coupled with 
Au NPs thin films towards H2 (10000 ppm and 100 ppm), CO (10000 ppm) and NO2 (1 ppm). 
The sensors showed good and reversible responses with fast kinetics towards H2 and NO2, while no 
detectable response was observed towards CO. In particular the AuH-rGO sample showed the best 
sensing performances thanks to the higher NPs concentration. It was also demonstrated that the 
coupling of Au NPs with rGO provided a wavelength-dependent sensing response for different gas, 
allowing the realization of a selective sensor. 
The mechanisms involved in the sensing of reducing (H2 and CO) and oxidant (NO2) gases using 
GO is just a combination between the photocatalytic behavior of GO in the visible, if coupled with 
Au NPs, and an exchange of electrons with the target gases through red-ox reactions mediated by 
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2.6 Aromatic VOC sensing with porous SiO2 matrices functionalized 
with phenyl groups coupled with in situ grown gold nanoparticles 
Aromatic Volatile Organic Compounds (A-VOCs) like xylene, toluene and benzene, have received 
a great attention in the field of the evaluation of indoor air quality. Indoor pollutants, such as 






Two different silica based materials functionalized with one or two phenyl groups, fabricated from 
two precursors, PTMS (trimethoxy phenylsilane) and dPDMS (diethoxy (diphenyl)silane), have 
been used as gas sensors towards these A-VOC, thanks to the π-π interaction between the benzene 
ring of the target gas and the phenyl ring of the silica matrix stacked together. This interaction has 
been monitored using the LSPR peak of gold NPs grown in situ starting from an Au salt (HAuCl4) 
reduced via thermal treatment. 
2.6.1 Experimental 
2.6.1.1 Materials’ synthesis 
The silica phenyl functionalized sol-gel materials with Au NPs grown in situ were prepared as 
described in the appendixes A.2.14 and A.2.15. 
2.6.1.2 Nanocomposite thin film deposition 
Thin films were deposited by dip coating technique [
3
] with a withdraw speed of 60cm/min on 
quartz and treated in a muffle furnace at 400 °C for 30 min in air. The average thickness is around 
500nm. The samples synthetized are presented in Table 2.6.1. 







Tab. 2.6.1- List of the SiO2 based film with phenyl groups fabricated by sol-gel. 
The two different types of matrix has been deposited, one with TEOS (Fig. 2.6.1a) and PTMS, a 
precursor with one phenyl ring (Fig. 2.6.1b), the other with TEOS and dPDMS, a precursor with 





Fig. 2.6.1- SiO2 precursors’ structure, a. TEOS, b. PTMS, c. dPDMS [
4
]. 
2.6.1.3  Gas sensing measurements 
Optical gas sensing tests were performed at room temperature and the sensor was tested for A-
VOC, benzene 30 ppm, toluene 30 ppm and xylene (orto-, meta-, para- each 10 ppm) all balanced in 
air. 
2.6.2 Results and discussion 
2.6.2.1 Optical and structural characterization of the thin films 
From the absorption spectra reported in Figure 2.6.2 it is possible to verify the formation of gold 
NPs, as a result of the heat treatment, which are responsible for the LSP peak at 540 nm as well as 
the presence of the phenyl groups with the characteristic  peak at 270 nm.  This presence means that 
the heat treatment was not enough to pyrolyze them, and this is a key point for the development of 
this work being the phenyl groups responsible for the A-VOC sensing mechanism. 
 
Fig. 2.6.2 - Absorption spectra of the samples with TEOS- dPDMS or PTMS. 
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In Figure 2.6.2 it is also evident that the Au peak in the dPDMS matrix is more red-shifted than the 
one in the PTMS matrix; moreover the phenyl correspondent peak, at 270 nm, in the dPDMS 
sample is higher, because the amount of phenyl rings is doubled. 
 
Fig. 2.6.3 – XRD patterns of the samples with TEOS- dPDMS or PTMS. 
Figure 2.6.3 shows the XRD patterns of the samples containing 5% molar Au within the two 
different SiO2 matrices after the final annealing at 400 °C: the theoretical diffraction peaks for Au 
are (JCPDS No. 040714) at 38° and 44,5°. All the samples show crystalline phases, indicating that, 
as already found in the absorption spectra, the thermal treatment has promoted the reduction of Au 
ions dispersed inside the oxide films. 
From the XRD patterns, using the Scherrer equation, it was possible to confirm the formed gold 
crystals with dimensions around  20 nm, this systems and data have been already widely discussed 





From the ellipsometric measurements the thickness of the films was evaluated to be 560-600nm and 
the refractive index at 630 nm was 1,526. 
2.6.2.2 Gas sensing tests 
PTMS and dPDMS Au nanocomposite films annealed at 400°C were tested as optical gas sensors 
for A-VOC (Fig. 2.6.4) detection. For these samples the mechanism involved in the process of 




Fig. 2.6.4- Benzene, Toluene, orto- meta- para- Xylene molecules simulate using the software ArgusLAb, with in grey 
the carbon atoms and in white the hydrogen atoms. 
Both the samples are sensitive to the A-VOCs. The Au SPR peak during gas exposure undergoes an 
increase in the SPR absorbance and a small red-shift (Fig. 2.6.5). This effect is related to the 
interaction π-π, between the phenyl group of the silica matrix and the benzene ring of the gas target. 
 
 
Fig. 2.6.5- Absorption spectra of  PTMS (a.) and dPDMS (b.) film in air (black line)and in xylene(red line) , with a 
magnification of the LSPR peak in the insets. 
 
Fig. 2.6.6 – Comparison of the OAC curve for xylene between PTMS and dPDMS samples. 
Benzene  Toluene 
   




Fig. 2.6.7 – Dynamic measurements of the gas sensing test with xylene on the samples PTMS (a.) and dPDMS (b.) Au. 
From Figure 2.6.6 and 2.6.7 it is possible to note that the sample with two phenyl group is less 
performing than the one with just one phenyl group, in particular in terms of time of response and 
of recovery. 
To better investigate the - stacking interaction between the phenyl rings of the samples and 
different phenyl groups, with different substituents, the best sample, TEOS-PTMS, has been tested 
also towards toluene and benzene with one CH3 substituent and with no substituents, respectively. 
In Figure 2.6.8 are presented the OAC curve comparing the variation in absorbance induced by the 
three gases, it is evident that xylene induces a higher variation than toluene and benzene. In the 
phenyl absorption region it is evident an increase in absorbance (Fig. 2.6.8 a) in AVOC flux, due 
mainly to the π-π stacking interaction and also to the increase in the number of phenyl groups. The 
maximum of variation in absorbance, in AVOC flux, is in the SPR region (Fig. 2.6.8 b) at 550 nm. 
 
Fig. 2.6.8 – Comparison between the OAC (Optical absorption change) curves of benzene (blue), toluene (red) and 
xylene (black) for the sample TEOS/PTMS Au in the phenyl absorption (270 nm) region (a.) and in the SPR absorption 
(550 nm) region (b.). 
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In Figure 2.6.9 are presented the results of the dynamic sensing measurement towards xylene, 
toluene and benzene on the PTMS/ TEOS Au which showed the best performances. 
 
 
Fig. 2.6.9– Dynamic gas sensing test with xylene, toluene and benzene on the sample PTMS-TEOS Au at 550nm. 
From the dynamic measurement is possible to notice that the sensitivity towards all the three gases 
is good, and also that the performances are higher at the increase of the number of substituents (-
CH3 groups) (Fig. 2.6.10). 
  
Fig. 2.6.10 – Delta of Absorbance as a function of the increasing of the number of substituents (-CH3 groups) in the 
phenyl group. The values of the  Delta of Absorbance are reported in the Table. 
To prove that there is this interaction, which is function of the number of substituents in the benzene 
ring of the AVOC, and not just an increase in n, due to the fact that the AVOC have a higher n than 
the air filling the pores, TPD measurement (Appendix A.1.7) have been performed on a similar 




Target gas ΔAbsorbance 
Benzene 0,008 
Toluene 0,027 
o-, m-, p-Xylene 0,045 
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TPD curves from a ph-PSQ film were initially acquired for different xylene loadings (1.0, 3.0, 5.0 
and 10.0 L) at low temperature (about 150 K), in order to observe the shape of the desorption 
profiles (not shown). Two clear desorption components were seen: a low intensity feature, centred 
at about 300 K, due to the monolayer desorption, and an intense peak at about 230 K. Since no 
saturation was observed on increasing the analyte loading, this peak was assigned to the multilayer 
desorption. In order to avoid multilayer condensation and to resolve the monolayer desorption peak, 
the sample was thermalized at 258 K and a 20.0 L dosing of the xylene was performed. 
Figure 2.6.13 a. shows the xylene monolayer desorption peaks acquired at different β values in the 
60-120 K/min range. These data show a single broad peak centred at about 300 K that slightly shifts 
to higher temperatures as β increases. By plotting      
     as a function of      (Fig. 2.6.13 b) it 
was possible to calculate, through linear regression, a desorption energy of xylene from the ph-PSQ 
film ΔEd = 3814 kJ/mol. This means that there is an interaction, the - stacking, and is this 
interaction that we monitor in the gas sensing test. 
 
Fig. 2.6.13 - Xylene monolayer desorption spectra at different β values ,in the 60-120 K/min range, for a ph-PSQ film 
(a.); linear regression of the experimental points (1/Tm, ln(Tm
2
/β)) to obtain an estimate of ΔEd (b.). 
To better understand the mechanisms involved in this kind of gas sensing based on the π-π stacking 
between the phenyl group of the sensible sol-gel thin film and the target gas, A-VOCs, we have to 
take into account the effect of single and multiple substituents on sandwich and T-shaped π-π 
interactions.  
In the early 2000s Lee [
8












] performed a 
series of computational studies in gas-phase which raised doubts about the simple electrostatic 











This new theories by Sherrill and co-workers use symmetry-adapted perturbation theory (SAPT), 
which takes into account the electrostatic, dispersion, induction and exchange-repulsion 
components of the interaction energy. This analysis showed that dispersion is more important than 
electrostatic in the overall binding so the π-π stacking interactions are not governed primarily by 
electrostatic effects, this contradict the Hunter and Sanders model [
1111
]. 
Hunter and Sanders used a simple mathematical model in which they predict that electron-
withdrawing substituents strengthen the interaction because they decrease the electrostatic repulsion 
between the negatively charged π clouds. The reverse effect is predicted for electron-donating 
substituents. 
Moreover Hunter and Sanders’ theory predicts that electron-withdrawing groups, reducing the 
negative quadropole of the aromatic ring, favor parallel displaced and sandwich conformations. 
Contrastingly, electron-donating groups, increasing the negative quadropole, increase the 
interaction strength in a T-shaped configuration with the proper geometry. 
Sherrill et al. showed that both electron-donating substituents and electron-withdrawing substituents 
stabilize the substituted benzene molecule of the target gas stacked with the phenyl group of the 
matrix in the sandwich configuration [
13
]; while the Hunter-Sanders model said that electron donors 
should weaken stacking interactions. 
This unconventional prediction by Sherril, Sinnokrot and Ringer [
9-13
] that all substituted sandwich 
benzene dimers have a stronger attraction than the unsubstituted benzene dimer, regardless of the 
electron-donating or electron-withdrawing nature of the substituent, this involves that electron-
donating substituents increase binding in face to face π–π interactions, in other words favors the 
sandwich stacking (Fig. 2.6.14). 
 
Fig. 2.6.14 - Sandwich conformation for the π-π staking interaction between phenyl groups [19]. 
Wheeler in 2011 [
14
] extended the theory of the direct interaction of substituents in π-stacking 
interactions recognizing that the direct interactions between the substituents and the unsubstituted 
ring were due to local interactions. In other words, substituents effects do not arise from the 
interaction of the substituents with the other ring in its entirely, but only the nearest vertex. 
Other computational work from the Sherill group revealed that the effect of each substituent in the 





In our case considering benzene, and substituted benzene: toluene (one CH3) and xylene (two CH3) 
Ringer said that all substituted sandwich dimers have a smaller interaction energy than sandwich 





Fig. 2.6.15- Total internal energy versus number of CH3 substituents for sandwich configuration [
11
]. 
This is why the xylene binds more strongly than toluene and toluene than benzene to the phenyl 
group and we monitor it in the gas sensing measurement (Fig. 2.6.8). 
In other words the interaction energy of xylene, with the phenyl group of the matrix, is lower than 
the one of toluene and the biggest is the one of benzene because of the substituent effect [
11
], which 
involves electrostatic, dispersion, induction and exchange-repulsion factors. The exchange-
repulsion and dispersion are more important than the electrostatics [
12
].  
The dispersion factor is a weak intermolecular interaction arising from quantum induced 
instantaneous polarization multipoles in molecules and is an attractive kind of interaction, this agree 
with the theory that phenyl group in phenyl-trimethoxysilane because of the high polarisability of 
the π-bonding electrons, changes its electron distribution in response to an interaction (π- π 
stacking) with other, in our case, aromatic molecules, benzene, toluene and xylene [
20
]. 
The exchange-repulsion factor is linked to a force that arises between neighboring molecules when 
they are close enough that their electron clouds overlap and, as a consequence of the Pauli exclusion 




Thanks to the exchange-repulsion and dispersion factors is possible to deduce that in the π-π 
stacking there is a charge penetration effect, due to the fact that the two negatively charged π clouds 
on the top of benzene ring and phenyl group of the matrix, in the sandwich, interpenetrate each 
other.  
Moreover regarding the gold NPs role they do not have an active role in the gas sensing, contarily 
they behave as optical probe. The surface plasmon in metallic nanoparticles, generated by the 
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interaction of electromagnetic radiation with the metal sphere, is affected by the change in the 
dielectric medium in which nanoparticles are immersed. 
Thus, the resonance properties depend on the properties of the particles and on those of the medium 
because they polarize each other and the charge density has to adjust not only to the incident fields 




In this work we have investigated the best performances in the gas sensing behaviour of gold/silica 
nanocomposites thin films comparing the configurations with one or with two benzene rings 
towards benzene, toluene and orto-, meta-, para- xylene. 
The different nanostructured Au doped SiO2 thin films have been simply synthesized by sol-gel 
technique. Au doped SiO2 films are made of Au NPs grown in situ in the SiO2 based matrix via 
thermal treatment. 
All type of film showed optical response to the investigated A-VOC with reversible dynamic.  
Au-SiO2 film with only one benzene ring and treated at 400°C show the best response to the A-
VOC. 
The mechanism involved in the A-VOC sensing using SiO2 functionalized with phenyl groups 
matrix, is found to be the π-π stacking interaction. 
The effect of the different A-VOC results in the variation in Absorbance depending on their 
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3.1 Xylene, Toluene and Benzene gas sensing with SPP 
Aromatic Volatile Organic Compounds (A-VOC) sensing has been widely performed, with carbon 
nanotubes [
1




] because of their dangerousness [
4
]. 
In chapter 2.7 we developed a sensor based on LSPR peak of Au NPs embedded in a SiO2 porous 
sol-gel film containing phenyl groups, here we present an A-VOC sensor based on plasmonic 
crystals, in which the sensitive layer is either a porous silica film functionalized with phenyl groups 
[
5
], or a semiconducting  layer of nanocrystalline TiO2.  
These two materials can be promising candidate to monitor A-VOCs because of the strong 
interaction between the benzene rings of the target gas with the phenyl group of the SiO2 matrix, 
involving π-π stacking (as already demonstrated in chapter 2.7), and with the TiO2 matrix, involving 
a Ti
4+•••π-electrons or OH•••π-electrons interaction. 
Surface Plasmon Polaritons (SPPs) are electromagnetic waves coupled to collective electron 
oscillations, propagating along a conductor-insulator interface and exponentially decaying away 
from it. The field confinement at the interfaces makes SPPs particularly sensitive to changes in the 
dielectric properties of the media in which they propagate. SPPs are largely employed in sensing 
devices, because changes in the propagation characteristics and in the spatial profile of the SPP 
modes can be related to variations in the refractive index of the dielectric region, and thus to the 
presence of the analyte. SPPs can be coupled to photons in the presence of a prism, a grating or a 
spatially localized scattering centre. 
SPPs are not only confined in the transverse direction with respect to the interface, but also 
attenuated in the direction parallel to it. Confinement and propagation distance are tightly related 
variables, since as propagation distance increases, confinement becomes weaker. These two 
parameters are crucial issues for the design and fabrication of sensing nanodevices. A greater 
penetration of the SPP in the insulator can provide a better probing of its dielectric properties and 
detect smaller changes in its refractive index. Otherwise, to detect the presence of small molecules 
at the conductor-insulator interface, a greater confinement can be required for probing only the 
region occupied by the molecule. 
We have fabricated a plasmonic sensor in symmetric dielectric-metal-dielectric configuration, with 
sinusoidal grating coupling. The structure consists of a thin metallic film bounded by two dielectric 
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layers. Grating couplers are an attractive approach for fabrication of low-cost SPR sensing 
structures, because they do not require expensive optics, and are compatible with mass production. 
Figure 3.1.1 shows a scheme of the multilayer structure that characterizes the sensor, in which a is 
the grating pitch, θ is the incidence angle of the incoming photons, and α is the azimuth. If k||PH is 
the on-plane component of the incoming photon momentum (k||PH = k0 nd senθ, with nd being the 
refractive index of the medium from which light impinges), kG is the grating wave vector of 
modulus kG=2/ a and direction perpendicular to the grooves, and kSP is the SPP momentum, the 
coupling condition for the excitation of SPPs is given by: kSP = -k||PH + n kG, for n integer number. 
The developed metal slab waveguide exhibits two SPP modes with different profiles and dispersion 
characteristics, resulting from the superposition of the SPPs at its two metal-dielectric interfaces. 
These modes are classified with respect to their magnetic field profile inside the structure as 
symmetric and antisymmetric modes. The symmetric mode is also called Long Range SPP 
(LRSPP), since it exhibits lower confinement and greater propagation distance, while the 





Fig. 3.1.1- Sketch of the multilayer structure of a surface plasmon metallic gratings with a functional and porous sol-gel 
material, for the excitation of LRSPPs and SRSPP. a is the grating pitch, θ is the incidence angle of the incoming 
photon, and α is the azimuth. If k||PH is the on-plane component of the incoming photon momentum, kG is the grating 
wave vector, and kSP is the SPP momentum, the coupling condition for the excitation of SPPs is given by: kSP= -k||PH + 
n kG, for an integer n. 
In order to test the gas sensing performance, samples were mounted in gas chambers optically 
coupled to the ellipsometer. Reflectance spectra were recorded during successive cycles of 
exposures to air and to the target A-VOC. Plasmonic dips were monitored, and their angular shift 
for a fixed wavelength of the incident light beam, or their red-shift for a fixed angle of incidence, 
were correlated to the interaction with the analyte.  
In order to deeply understand the interaction of these materials with the A-VOC and to make a 
comparison between the two kind of gas sensors treated in this thesis, the LSPR and the PSPR 
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based, the same sensitive materials have been used as matrices to embed gold NPs and make the 
same tests performed in chapter 2. 
3.1.1 Experimental 
3.1.1.1 Sensitive material synthesis 
A silica phenyl functionalized sol-gel solution, the TiO2 and Au NPs were prepared as described in 
the appendixes A.2.11, A.2.7 and A.2.1, respectively. 
3.1.1.2 Plasmonic grating structure 
In this section is described the plasmonic crystal already presented by Brigo et al. [3
3
] (Fig. 3.1.2 a). 
A gold layer of 7 nm has been evaporated on a 37 nm of silver, also evaporated on a patterned 
organic-inorganic hybrid sol-gel SiO2-based film, treated at 500°C (dielectric 1) and with period 
500nm, as shown in the AFM image (Fig. 3.1.2 b). 
 
Fig. 3.1.2 - Structure of the plasmonic crystal (a.) and AFM image (b.). 
3.1.1.3 Nanocomposite thin films synthesis 
The starting solutions were prepared by mixing the methanol suspension of TiO2 NPs or the SiO2 
phenyl functionalized solution with PVP-capped Au NPs in ethanol.  
 
Samples Kind of support 
TiO2-4%Au NPs Flat 
SiO2-4%Au NPs Flat 
TiO2 Metallic grating 
SiO2 Metallic grating 
Tab. 3.1.1- Sensitive layers composition for the different plasmonic crystals fabricated. 
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All the thin films were deposited by spin coating at 3000rpm for 30 s on either SiO2 and plasmonic 
gratings, as reported in Table 3.1.1, dried at 100°C for 5min and finally annealed in a muffle 
furnace at 300°C for 1 h in air.  
3.1.1.4  Gas sensing measurements 
Optical gas sensing tests were performed in reflection and with operating temperature (OT) set at 
room temperature and the sensor was tested for A-VOC, benzene 30ppm, toluene 30ppm and 
xylene (orto-, meta-, para- each 10ppm) balanced in air, with a flow rate of 0.4 L/min. 
The sensor was probed in a direct illumination condition, when using a customized commercial cell 
(J. A. Woollam Co. Heat Cell) equipped with fixed input and output windows perpendicular to the 
incoming and reflected beams. In this case, measurements could be carried out at a single, fixed 
angle of incidence of 70°.  
Reflectance spectra were recorded in dry air, after exposure to a controlled concentration of the 
analyte (30 ppm), and again in air atmosphere to regenerate the sensor. Such measurements were 
repeated for a number detection/regeneration cycles, each exposure step lasting few tens of minutes. 
The sensor was mounted in the null azimuth and in the azimuthally rotated configuration, choosing 
the wavelengths and incidence angles giving the best SPR response for each configuration. 
At high azimuth an increase in sensitivity is theoretically expected [
7
]: in fact, it can be shown that 
if the SPP momentum     changes of a small quantity δ, then the resonant transferred momentum 
         
 
 will change of a quantity 
     
√   
    
        
 that increase in modulus with the azimuth α.  
3.1.2 Results and discussion 
3.1.2.1 Structural and optical properties of the sensitive film 
From the absorption spectra (Fig. 3.1.3 a) is possible to verify the presence of gold NPs, for the 
TiO2 based sample the Au plasmonic peak has higher absorbance and is more red-shifted than in the 
TEOS/PTMS based sample. 
Moreover, for the TEOS/PTMS sample it is possible to note the presence of the phenyl groups from 
the relative peak at 270nm.  This presence means that the heat treatment was not enough to cause 
their pyrolysis, and this is a key point for the development of this work being the phenyl groups 




Fig. 3.1.3- Absorption spectra of the samples with TEOS- PTMS and TiO2 with Au NPs (a.) XRD patterns of the Au 
NPs (b.). 
The Figure 3.1.3 b. shows the XRD patterns of the Au NPs, used in the SiO2 phenyl-functionalized 






3.1.2.2 Structural and optical properties of the plasmonic grating 
 Refractive index and thickness of the dielectric 1 and 2 are reported in Table 3.1.2. 
 
        Name n (λ=630nm) Thickness 
Dielectric2 
SiO2 1.49 176 nm 
TiO2 1.92 129 nm 
Dielectric1 1.51 200 nm 
Tab. 3.1.2- Thickness and refractive index (n) of the two dielectrics of the plasmonic crystal. 
In Figure 3.1.4 are shown the experimental spectra compared with the simulated one, at an incident 
angle of 70° for both the plasmonic crystals fabricated. A set of dips can be seen, associated to the 
resonant coupling of the incident radiation with SPP modes supported by the thin film structure. 




Fig. 3.1.4- Experimental reflection spectra, with overlaid the theoretical simulations, of the plasmonic crystals with 
sensitive layer TiO2 (a) and SiO2 (b), with front side illumination at 70°. 
The plasmonic crystal with SiO2 as sensitive layer should be more sensitive because of its 
symmetric configuration, as dielectric 1 and dielectric 2 have similar refractive index and thickness 
(see Table 3.1.2). 
In this symmetric configuration the SPP waves propagating along the metal surface, are extremely 
sensitive to alterations of the surface optical properties. This makes them ideal probes to investigate 
variations induced by chemical reactions between the target gas and the surface itself. 
3.1.2.3 PSPR based gas sensing test 
Figure 3.1.5, 3.1.6 and 3.1.7 show the reflection spectra of the samples TiO2 and SiO2 phenyl 
functionalized when exposed to multiple air-A-VOC cycles, and it is possible to visualize the red-
shift of the dips caused by the interaction of the plasmonic crystal with the gases. 
 
  
Fig. 3.1.5- Sensing test with xylene (a.), toluene (b.) and benzene (c.) on the plasmonic crystal with sensitive layer of 




Fig. 3.1.6- Sensing test with xylene (a.), toluene (b.) and benzene (c.) on the plasmonic crystal with sensitive layer of 
TiO2 (dip at 490nm, long range). 
 
Fig. 3.1.7- Sensing test with xylene (a.), toluene (b.) and benzene (c.) on the plasmonic crystal with sensitive layer of 
TiO2 phenyl functionalized (dip at 730nm, short range). 
The shifts showed in Figure 3.1.5, 3.1.6 and 3.1.7 are summarized in Table 3.1.3, comparing the 
performances of the TiO2 matrix with the one of the SiO2 phenyl functionalized matrix. 
 Refractive index Shift of the dip 
1250nm (long 
range) TiO2 
Shift of the dip 
730nm (short 
range) TiO2 
Shift of the dip 
490nm (long 
range) TiO2 
Shift of the dip 
(long range) 
1190nm SiO2 
Xylene 1.4995 2nm 11nm 15nm 6 nm 
Toluene 1.497 1nm 5nm 7nm 2.5 nm 
Benzene 1.5011 / / / 0.5 nm 
 
Table 3.1.3- Refractive index of the A-VOC and shift of the dip for the plasmonic crystals with dielectrics TiO2 and 
SiO2, in air and A-VOC flux. 
3.1.2.4 LSPR based gas sensing test 
Also with the LSPR based technique both the films, TiO2-Au NPs and SiO2-Au NPs, are sensitive 
to the A-VOC. The Au SPR peak during gas exposure undergoes a red shift and a strong increase in 
absorbance (Fig. 3.1.8). This effect can be related to the interaction  π-π coupling, between the ring 
of the TEOS-PTMS matrix and the one of the gas target and in the case of the TiO2 matrix the 
Ti





Fig. 3.1.8- Scan measurement of the gas sensing test in air flux and in xylene on the samples TEOS/PTMS (a.) TiO2 (b.) 
with Au NPs. 
From the OAC curves (Fig. 3.1.9) and dynamic measurements (Fig. 3.1.10-3.1.12) it is possible to 
note that the sensitivity towards all the three gases is good, and also that the variation in Absorbance 
is higher increasing the number of substituents (-CH3 groups).  
Moreover the sensitivity of the TiO2 matrix is higher than the one of the SiO2 matrix functionalized 
with phenyl groups, probably because the semiconductivity enhances the interaction mechanism 
that will be now exposed. However both the sensitivity of the matrixes towards the A-VOC are 
relevant. 
 
Fig. 3.1.9- OAC (Optical absorption change) curve in xylene, toluene and benzene flux for the sample TEOS-PTMS (a.) 




Fig. 3.1.10- Gas sensing test towards xylene at room temperature, comparing the performances of the TiO2 matrix with 
the one of the TEOS-PTMS matrix with Au NPs at, respectively, λ 620 nm and 552 nm. 
 
Fig. 3.1.11- Gas sensing test towards toluene at room temperature, comparing the performances of the TiO2 matrix with 
the one of the TEOS-PTMS matrix with Au NPs at, respectively, λ 620 nm and 552 nm.  
 
Fig. 3.1.12- Gas sensing test towards benzene at room temperature, comparing the performances of the TiO2 matrix 





Fig. 3.1.13- Gas sensing test on the TEOS-PTMS Au NPs (a.) and on the TiO2 Au NPs (b.) samples at room 
temperature, comparing the performances towards the three different Aromatic VOC at λ 552 and 620nm, respectively. 
From XPS measurements (Fig. 3.1.14) it is possible to interpret the scan measurement (Fig. 3.1.8) 
and the OAC curves (Fig. 3.1.9). The XPS measurement shows that the interaction between the A-
VOC, reducing gases, and the TiO2 leads to an injection of electrons, so the Ti
4+
 is transformed in 
Ti
3+
, and in Figure 3.1.14 is highlighted the increase in the number of Ti
3+
 after the interaction with 
xylene. 
 
Fig. 3.1.14- High resolution XPS scanning spectra in function of the binding energies, at room temperature in vacuum 
and after xylene exposure. 
The interaction between the oxide matrixes and the A-VOC involves the reaction between the A-
VOC molecule and the adsorbed oxygen [
10
], as reported in reaction (1), (2) and (3), for benzene, 
toluene and xylene respectively [
11
]. 
           →           (1) 
with the injection of electrons (30 e
-




           
        →        
         →           (2) 
with the injection of electrons (36 e
-
 from the toluene molecule) into the matrix: 
         
        →        
             →           (3) 
with the injection of electrons (42 e
-
 from the xylene molecule) into the matrix: 
            
        →        
Pecharromán, as already explained in Appendix A.4, reports that the absorbance at the SPR position 
is proportional to the electron density, this is in agreement with the strong absorbance increase of 
the plasmon band in A-VOC flux. 
From the XPS results, the OAC curves and the scan measurement it is possible to say that the blue 
shift, which is a smaller effect of the electrons injection than the increase in absorbance, already 
mentioned, is completely overcome by the red shift. 
The red shift may be due to an increase of refractive index of the overall thin film caused by the 
substitution of the air, whose refractive index is 1 [12], with A-VOC molecules filling the pores of 
the oxide matrix, which have a higher refractive index (n=1,497 toluene, 1,4995 xylene and 1,5011 
benzene). 
From the PSPR measurements, it is possible to see that there is a strong red shift of the plasmonic 
dip and it should not depend on the n of the A-VOC because it does not follow the n increase (see 
Tab. 3.3.1). 
Moreover, the mechanism involved works for both an insulating matrix functionalized with phenyl 
ring and for a semiconducting matrix. This implies that the shift monitored is not because of an 
electrons injection/subtraction, because with an insulating material there is no transport of electrons, 
but probably to an interaction between the π electrons of the target gases and the surface exposed by 
the material. In the first case it involves another ring and in the second case the Ti-O-Ti structure, 
with in addiction the effect of having a semiconducting matrix. 
A -conjugated system occurs when π systems are "linked together", meaning that there is a 
continuous array of "p" orbitals that can align to produce a π bonding overlap along the whole 
system [
13
]. This case can fit a π-π stacking configuration [14 15], because it involves an overlapping 
of “p” orbitals, moreover, this expansion of the π conjugation from the gas ring towards the phenyl 





The TiO2 based plasmonic crystal is more sensitive to the aromatic molecules because of its 
semiconducting property which makes the propagating polariton more involved in the interaction 
mechanism. The XPS measurements reported in Figure 3.1.14, relative to the interaction xylene 




. This implies a blue-shift but is 
overcome by the red shift due to the Ti
4+•••π-electron interaction. 
Moreover, it is possible to note, as already reported in chapter 2.7, that the shift increases at the 
increasing of the number of substituent in the A-VOC molecules: benzene, and substituted benzene, 
toluene (one CH3) and xylene (two CH3). 
Ringer [
17
] said that all substituted sandwich dimers have a smaller interaction energy than 
sandwich benzene dimer, this is why the xylene binds more strongly than toluene and toluene than 
benzene to the phenyl group and this is evident from the gas sensing measurement (Fig. 3.1.5-7 and 
3.1.13). 
3.1.3 Conclusions 
In the present paper are investigated the performances of two plasmonic crystal, one insulating and 
functionalized with phenyl groups and the other semiconducting, towards 30 ppm of benzene, 
toluene and orto-, meta-, para- xylene. 
Both the types of nanocomposite, with both the sensing technique, LSPR and PSPR based, showed 
good optical response to the investigated A-VOC with reversible dynamics, but the more efficient 
material resulted to be the semiconducting one.  
The mechanism involved in the sensing with A-VOC is linked to the π-electrons interaction with 
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3.2 Ethanol, Methanol and Isopropanol gas sensing with SPP 
In the previous chapter we used a plasmonic grating as platform for sensing A-VOC deposting on it 
two different kind of sensitive material (porous SiO2 functionalized with phenyl groups, or 
nanocrystalline TiO2 porous film). In this chapter we use the same plasmonic grating coated with 
nanocrystalline TiO2 porous film for other ethanol, methanol or isopropanol vapors which will be 
indicated as Volatile Organic Compounds (VOCs). In order to catalyze the reaction of the VOCs, Pt 
NPs have been dispersed inside the TiO2 films. At the end we will also compare the same sensitive 
material both using propagating surface plasmon and localized surface plasmon as optical 
transducing platform.  
Titanium oxide is known for its many properties such as the photo-catalysis and it used in the 
















TiO2 layer has already been used as sensitive material for VOC in SPR sensor [
1
], but in such study 








].   
3.2.1 Experimental 
3.2.1.1 Nanoparticles synthesis 
The TiO2 and Pt NPs were prepared as described in the appendixes A.2.11, A.2.7 and A.2.6, 
respectively. 
3.2.1.2 Nanocomposite thin films synthesis 
The starting solutions were prepared by mixing the methanol suspension of TiO2 NPs with PVP-





Samples Kind of support Transducing platform 
TiO2 Plasmonic grating SPP 
TiO2-4%Pt NPs Plasmonic Grating SPP 
TiO2-4%Au NPs Flat glass LSPR 
TiO2-2%Au-2%Pt NPs Flat glass LSPR 
 
Tab. 3.2.1- Sensitive layers composition for the different sensing platforms. 
All the thin films were deposited by spin coating at 3000 rpm for 30 s on either SiO2 and plasmonic 
gratings (already described in the section 3.1.1.2) as dielectric 2 (Fig. 1 chapter 3.1), dried at 100°C 
for 5 min and finally annealed in a muffle furnace at 300°C for 1 h in air. The final thickness, 
measured by spectroscopic ellipsometry, was about 100 nm and the refractive index was around 1.9 
at 630 nm. 
3.2.1.3  Gas sensing measurements 
The tests have been performed at RT, bubbling ethanol, methanol and isopropanol (Fig. 3.2.1), in a 





Fig. 3.2.1- 3D representation of the VOC molecules tested (simulated with the Argus Lab software). In grey the carbon 
atoms, in white the hydrogen atoms and in red the oxygen atoms. 
3.2.2 Results and discussion 
3.2.2.1 Structural and optical properties of the sensitive film 
In Figure 3.2.2 the absorption spectra of TiO2 nanocomposite films containing gold and/or platinum 
NPs are shown. From the absorption spectra it is possible to notice the plasmon peak of gold NPs 
with diameter of 15 nm at 560 nm, while the typical absorption spectrum of platinum NPs with 




Fig. 3.2.2- Absorption spectra of the films with TiO2, Au and/or Pt NPs deposited on silica glass. 
 
Fig. 3.2.3- Absorption spectrum of Platinum NPs dispersed in methanol. 
In Figure 3.2.4 are presented the XRD patterns of the TiO2 based nanocomposite containing gold 
and/or platinum NPs. All the samples have been characterized to check their crystallinity and 
crystal dimension. It is possible to identify the typical peaks of cubic Pt (JCPDS No. 04-0802): 
(100) and (200) reflections at about 39.8° and 46.2°, confirming the crystallinity of Pt NPs. 
Finally the diffraction peaks of cubic Au NPs at about 38.2° and 44.4° corresponding to (111) and 




Fig. 3.2.4- XRD patterns of the films with TiO2, Au and/or Pt NPs. 
This type of films has already been deeply characterized by Della Gaspera et al. [
12
], therefore this 
work will be focused on the plasmonic crystal structure and on the VOC sensing behaviour. 
3.2.2.2 Structural and optical properties of the plasmonic grating 
On the plasmonic gratings it was deposited a nanocomposite film (dielectric 2) with the 
composition and structure already reported in the section 3.3.1.2. Refractive index and thickness of 
the dielectric 1 and 2 are reported in Table 3.2.2. 
 
Name n (λ=630nm) Thickness 
Dielectric 2 
TiO2-Pt 1.93 81 nm 
TiO2 1.92 129 nm 
Dielectric 1 1.51 200 nm 
 
Tab. 3.2.2- Thickness and refractive index (n) of the two dielectrics of the plasmonic crystal. 
The experimental spectra compared with the simulated one, at an incident angle of 70° are reported 
in Figure 3.2.5. A set of dips can be seen, associated to the resonant coupling of the incident 
radiation with SPP modes supported by the thin-film structure. The simulations produce very 
similar spectra for the two structures, because the effective refractive indexes of TiO2 and TiO2-Pt 
are only slightly different, and they reproduce quite well the spectral position of the dips. 
However, the dips look much more flattened when the Pt NPs are embedded in the sensitive layer, 
meaning that the energy is re-irradiated. In the performed simulations the TiO2 is represented by a 





Fig. 3.2.5- Experimental reflection spectra, with overlaid the theoretical simulations, of the plasmonic crystals with 
sensitive layer TiO2-4%Pt (a.) and TiO2 (b.) with front side illumination at 70°, respectively. 
3.2.2.3 PSPR based gas sensing test 
Figure 3.2.6 to 3.2.8 show the reflection spectra of the samples TiO2 and TiO2 - 4% Pt when 
exposed to multiple N2-VOC cycles, and it is possible to notice the red-shift of the dips caused by 
the interaction of the plasmonic crystal with the gases. 
 
Fig. 3.2.6- Sensing test with methanol (a.), ethanol (b.) and isopropanol (c.) on the plasmonic crystal with sensitive 
layer of TiO2-Pt (dip at 660 nm). 
 
Fig. 3.2.7- Sensing test with methanol (a.), ethanol (b.) and isopropanol (c.) on the plasmonic crystal with sensitive 




Fig. 3.2.8- Sensing test with methanol (a.), ethanol (b.) and isopropanol (c.) on the plasmonic crystal with sensitive 
layer of TiO2 (dip at 1300 nm). 
The shifts showed in Figure 3.2.6 to 3.2.8 are summarized in Table 3.2.3, and compared. It is 
possible to notice that the biggest shift is obtained with methanol and the smallest with isopropanol, 
for both the crystals.  
  n  n film TiO2 at 630nm 
(1,933 in N2) 
TiO2 shift dip1 TiO2 shift dip2 TiO2-Pt shift dip 
MetOH 1.33 1,9764 23 nm 15 nm 25 nm 
EtOH 1.36 1,9906 18.5 nm 12.5 nm 14 nm 
IPA 1.37 2,008 14.5 nm 6.5 nm 7 nm 
Tab. 3.2.3- Shift of the dip for the plasmonic crystals with dielectrics TiO2-4%Pt and TiO2 respectively, in nitrogen and 
methanol, ethanol and isopropanol flux with their refractive index measured at 630nm. 
3.2.2.4 LSPR based gas sensing test 
Figure 3.2.9 shows the absorption spectra of the sample TiO2-2%Au-2%Pt when exposed to IPA 
3000 ppm in N2: it is possible to notice the gas effect. 
The parameter use to define the sample sensitivity is the Optical Absorbance Change (OAC), 
defined as the difference between absorbance during gas exposure and absorbance in air 




Fig. 3.2.9- Gas sensing test (scan mode) in N2 flux and in bubbled isopropanol on the sample TiO2 - 2% Au -2%Pt NPs; 
in the inset is reported the comparison of the OAC curves for the three different VOC.  
 
Fig. 3.2.10- Gas sensing test (dynamic mode) with bubbled ethanol, methanol and isopropanol on the sample TiO2 - 2% 
Au - 2% Pt NPs at 590nm (a.) and TiO2 - 4% Au NPs at 596nm (b.). 
From Figure 3.2.10 it is possible to notice that isopropanol, like ethanol and methanol, induces a red 
shift of the Au LSPR peak, probably due to an increase of the refractive index, n, of the film. 
The increase of refractive index of the overall thin film is due to the substitution of the air, whose 
refractive index is 1 [13], with VOC molecules filling the pores of the oxide matrix, which have a 
higher refractive index (Tab. 3.2.3). Together with the red shit there is also a strong increase in the 




Fig. 3.2.11- High resolution XPS scanning spectra in function of the binding energies, at room temperature in vacuum 
and after ethanol exposure for TiO2 (a.) and TiO2 Pt (b.). 
From the XPS results (Fig. 3.2.11) it is possible to note that there is an interaction between the TiO2 




. This involves an injection of 
electrons which causes the strong increase of the SPR, presented in Figure 3.2.9, and a blue shift. 
However, again from Figure 3.2.9, it is possible to say that this blue shift is completely overcome 
by the red shift due to the increase of refractive index of the thin film. 
This electrons injection justifies the increase of the absorption shown in the inset of Figure 3.2.9 
from methanol to isopropanol, and this behavior is the same for all the tested samples; reaction (1) 
reports generally the VOC oxidation and the involved electrons injection [
14
]. 
 VOC + O
2-
  VOC-O + 2e- (1) 
Moreover, the VOC oxidation, as shown in Figure 3.2.10 b and 3.2.11 b, is catalyzed by Pt.  
Yoo et al. [
15
] found out that Pt has a catalytic activity towards the VOC oxidation. This gives 
explanation to the results obtained with the XPS measurement (Fig. 3.2.11) and to the results 
obtained with the dynamic test, which showed improved performances in presence of Pt and an 
higher increase in absorbance (Fig. 3.2.10 a and b). 
The oxidation of  VOC such as methanol apparently creates clean active sites on the Pt, and thus, 
the efficient dehydrogenation of the catalyst is continued, which is the so-called proton spillover 
effect. 
A reaction scheme for the methanol oxidation on Pt/TiO2 is presented in reaction 2-9. The VOC 
molecules tend to bind to the Pt surface and here we have the deprotonation of the VOC and the 
proton produced will bind to another site on the Pt surface. This creates clean active sites on the Pt, 
and there is an efficient and continued dehydrogenation of the catalyst. The continuous increment in 
the number of clean active reaction sites of Pt promotes the transport of protons, produced on the Pt 
during the methanol oxidation, into the TiO2 matrix. 
145 
 
 Pt- CH3OH → Pt-CH2OH + Pt-H (2) 
 Pt-H → Pt + nHxTiO2 (3) 





 Pt- CH2OH + OHads→ CHOH + H2O + Pt (5) 
 Pt- CHOH → Pt-COH + Pt-H (6) 
 Pt-H → Pt + nHxTiO2 (7) 





 Pt- COH + OHads→ CO2 + H2O + Pt (9) 
This reaction scheme shows how TiO2 injects an electron into the gold NPs, increasing its SPR 
absorbance. 
All these consideration are referred also to the PSPR case. The strong red shifts, reported in 
Table 3.2.3, do not follow the increase of n of the VOC filling the thin film’s pores. This, 
together with the XPS results (Fig. 3.2.11) lead to the conclusion that the red shifted obtained is the 
combination between the blue shift due to the electrons injection (reaction 1) and the red 
shift due to the value of n of the VOC and the shift is that strong because of the high 
concentration of the gas, 3000 ppm. 
3.2.3 Conclusions 
In this chapter it has been investigated the optical gas sensing performances of a sensitive layer of 
TiO2 doped with Pt NPs towards VOCs at a concentration  of 3000 ppm. The mechanism involved 
is a combination between the VOC oxidation, with the involved electrons injection which cause an 
increase in absorbance at the SPR, and a blue shift, which is overlapped by the red shift due to the 
high refractive index of the VOC filling the pores. With the LSPR based sensing technique it is 
possible to monitor the electrons injection thanks absorbance. On the other hand, with the PSPR 
technique, it is only possible to monitor the combination between the two effects, electrons injection 
and red shift due to the increase of n of the film. This difference is due to the high refractive index 
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3.3 Hydrogen sensing with SPP  
In the previous two paragraphs, SPP based sensor have been developed for VOCs in order to exploit 
the variation of the refractive index of the sensitive layer induced by the different vapors. In fat it is 
well know that the refractive index of the different used VOCs is higher than air (n=1.497 toluene, 
1.4995 xylene, 1.5011 benzene, 1,33 methanol, 1.36 ethanol, 1.37 isopropanol). 
Here we want to exploit the possibility to detect H2, which contribution to the variation of the 
refractive index is negligible, using a sensitive layer that can chemically react with H2 trough red-ox 
reactions that can induce changes in the charge densities of the oscillating plasmons. 
The hydrogen detection is becoming an essential condition because of safety issues, in fact in the 
recent years, the use of hydrogen as energy source is attracting much attention thanks to its calorific 
power. 
Hydrogen is a clean, sustainable and abundant source; at standard temperature and pressure, is also 
colorless, odorless, tasteless, non-toxic, but on the other hand is volatile, extremely flammable and 
this makes complex to handle and store it. A leakage of hydrogen more than 4% (the lower 
explosive limit, LEL) in air would lead to an easily ignited explosive atmosphere [
1
]. 








]; in particular SPR 
phenomenon was first used for sensing technology in 1982 [
6
]. 
The application of metallic diffraction grating for SPR sensing is advocated by Cullen et al. [
7
]. 
Since then, SPR sensors based on grating are studied as an alternative to 
















because palladium acts like a catalyst to split the H2 molecules into atomic hydrogen. 
This paper describes the use of a low cost symmetric plasmonic crystal, to detect hydrogen, 
fabricate just using sol-gel materials. In this plasmonic grating is avoided the use of palladium 
either expensive matrixes of semiconducting oxides like tungsten [
1212
]. 
Moreover, to produce the grating we used a soft imprinting based technique [
13
], which involves the 
use of a soft elastomeric mold to form high resolution plasmonic crystal sensor. 
This plasmonic crystals enable the monitoring of little quantity of H2, about 1%v., instantaneously 




3.3.1.1 Sensitive material synthesis 
Silica phenyl functionalized sol-gel solution, TiO2 and Au NPs were prepared as described in the 
appendixes A.2.11, A.2.7 and A.2.1, respectively  
3.3.1.2 Samples preparation 
All the thin films were deposited via spin coating at 3000 rpm for 30 s on either SiO2 flat glass 
substrate or on plasmonic gratings (already described in the section 3.1.1.2) as dielectric 2 (Fig. 
3.1.1); the nanocomposite were prepared by mixing the TiO2 or SiO2 solution with the Au NPs 
solution, 4% molar, and spin coated at 3000rpm for 30 s. Both type of the samples (Tab. 3.3.1) were 
dried at 100°C for 5min and finally annealed in a muffle furnace at 300°C for 1 h in air. 
Samples Support/Substrate Transducing 
platform 
SiO2 (from TEOS/PTMS) Plasmonic grating SPP 
SiO2- 4% Au NPs (from TEOS/PTMS) Flat fused silica LSPR 
TiO2 Plasmonic grating SPP 
TiO2- 4% Au NPs Flat fused silica LSPR 
Tab. 3.3.1- Sensitive layers composition for the different sensing platforms. 
3.3.1.3  Gas sensing measurements 
Optical gas sensing tests with PSPR and LSPR based technique were performed in reflection and in 
transmission, respectively, with operating temperature (OT) set at 300 °C and the sensor was tested 
for H2 10000 and 50000 ppm balanced with N2.  
3.3.2 Results and discussion 
3.3.2.1 Structural and optical properties of the TiO2 and SiO2 Au nanocomposite 
In Figure 3.3.1 are reported the absorption spectra of the TiO2 and SiO2 based nanocomposite with 
embedded Au NPs, it is evident the red-shift of the plasmon peak for the TiO2 based sample due to 




Fig. 3.3.1- Absorption spectra of the SiO2-Au and TiO2-Au nanocomposites film deposited on silica glass. 
3.3.2.2 Structural and optical properties of the plasmonic crystal 
On the plasmonic gratings it was deposited a nanocomposite film (dielectric 2) with the 
composition and structure already reported in the section 3.3.2.2. Refractive index and thickness of 
the dielectric 1 and 2 are reported in Table 3.3.2. 
 
Name n (λ=630nm) Thickness 
Dielectric 2 
SiO2 1.49 176 nm 
TiO2 1.92 129 nm 
Dielectric1 1.51 200 nm 
Tab. 3.3.2- Thickness and refractive index (n) of the two dielectrics of the plasmonic crystal. 
In Figure 3.3.2 are shown the experimental spectra compared with the simulated one, at an incident 
angle of 70°. A set of dips can be seen, associated to the resonant coupling of the incident radiation 
with SPP modes supported by the thin-film structure. The simulations produce very similar spectra 





Fig. 3.3.2- Experimental reflection spectra, with overlaid the theoretical simulations, of the plasmonic crystals with 
sensitive layer TiO2 (a) and SiO2 (b), with front side illumination at 70°. 
The first plasmonic crystal structure has been chosen in order to obtain a more sensible device, with 
a symmetric configuration made of a SiO2 layer, of the same thickness, underneath (dielectric1) and 
on the top (dielectric 2) of the metallic layer. 
In this symmetric configuration the SPP, waves propagating along the metal surface, are extremely 
sensitive to alterations of the surface optical properties and propagates deeper. This makes them 
ideal probes to investigate variations induced by chemical reactions between the target gas and the 
surface itself.  
The second one was fabricated in order to have the performances of a semiconducting material as 
sensitive layer in conjunction with a “quasi-symmetric” configuration which, as already said, 
increase the plasmonic crystal sensitivity.  
The problem with the semiconducting TiO2 matrix is that it has a high refractive index, higher than 
the one of dielectric1, as reported in Table 3.3.2, this gives a non-symmetric plasmonic crystal and a 
lower sensitivity . 
To obtain a “quasi-symmetric” configuration with the TiO2 sensitive layer the refractive index of 
the dielectic1 with a certain thickness has to be the same of the dielectric 2 with the same thickness 
this is obtained considering the dielectric 2 as TiO2 plus air to reach the thickness of the dielectric 1, 
so it was tuned the TiO2 layer thickness in order to have the average refractive index, mediated with 
the one of the air, of the dielectric 2 equal to the one of the dielectric 1. 
3.3.2.3 PSPR based gas sensing  
Figure 3.3.3 shows the reflection spectra of the samples SiO2 phenyl functionalized and TiO2 when 
exposed to multiple N2-H2 cycles, and it is possible to visualize the blue-shift of the dips caused by 





Fig. 3.3.3- Sensing test with hydrogen 1% (a.) and 5% (b.) on the plasmonic crystal with sensitive layer of SiO2. 
   
Fig. 3.3.4- Sensing test with hydrogen 1% (a.) and 5% (b.) on the plasmonic crystal with sensitive layer of TiO2. 
The shifts showed in Figure 3.3.3 and 3.3.4 are summarized in Table 3.3.3; it is possible to notice 
that the sensitivity of the plasmonic crystal coated with the semiconductive layer is higher than the 
one coated with the insulating one and increases at the increase of the gas concentration (from 
10000 ppm to 50000 ppm).  
 Shift in H2 1% flux 
[nm] 
Shift in H2 1% flux 
[nm] 
TiO2 Dip at 700 nm  3 7 
Dip at 1200 nm  1 5 
SiO2 Dip at 1185 nm  1 2 
Table 3.3.3- Shift of the dip for the plasmonic crystals with dielectrics TiO2 and SiO2, in N2 and H2 flux. 
3.3.2.4 LSPR based gas sensing  
The same test has been performed, to verify the shifts, using the flat samples with the optical 
absorption based technique monitoring the shift of the LSPR triggered by the Au NPs embedded in 
the sensitive material, the results are shown in fig. 3.3.5 and 3.3.6. The shift is a blue-shift with an 
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increase in absorbance, which implies an electron injection as already explained in chapter 2.2, and 
this is in accordance with the result obtained with the plasmonic crystals. 
 
 
Fig. 3.3.5- Gas sensing test on the SiO2 sample (a.) scan measurement in N2 and H2 5% flux (b.) OAC curve in H2 1 and 






Fig. 3.3.6- Gas sensing test on the TiO2 sample (a.) scan measurement in N2 and H2 5% flux (b.) OAC (Optical 
absorption change) curve in H2 1 and 5% flux and (c.) dynamic measurement, comparing the performances towards H2 
1 and 5% at 562 nm. 
With both the techniques it is possible to monitor the presence of hydrogen. It is therefore 
extremely important to give a complete description of the mechanisms involved in the detection, 
recognition and response to specific target gases.  
The overall gas detection in fact can be described as a three steps process: adsorption of the target 
gas molecules, reaction on the active material surface and final desorption of the reaction products. 
These three phenomena must be temporally placed in the two main events in gas detection: the 
response (or the N2-to-gas transient) and the recovery (or the gas-to-N2 transient) of the sensor 
signal. 
This good sensitivity of SiO2 layer towards H2 is not expected, because SiO2, unlike TiO2 and ZnO, 
is not a semiconductor, but it is an insulator, so there should not be electron conduction for the 
sensing mechanisms. 
At room temperature, in fact, gas sensing with SiO2 matrix is not possible, there is no response to 
the gas target (see chapter 2.3); performing, instead, the gas sensing tests at 300°C, it works; this 
because there are probably another phenomena involved.  
In fact, if an insulating material is heated, the vibrational energy of the atoms located at the nodes of 
the lattice increases. This energy is transferred to the electrons which cannot “move” within the 
band in which they are located, so they try to find other states. The pulses that the electrons receive 
from the atoms of the lattice are sufficient to permit that a part of them jump in the empty band 
(may be the defect state) where they can enter into conduction [
14
]. 
Regarding the TiO2 sensitive layer it is important to say that, with the grating-based gas sensing, the 




Instead at 300°C the plasmonic crystal is working, this because the reaction of the kinetics of H2 
reaction with TiO2 is thermal activated [
15
]. 
The H2 sensing in the plasmonic crystal configuration is working only at 300°C for both the 
materials (TiO2 and SiO2) probably because the conductivity at 300°C can be originated from the 
following reasons: the oxygen vacancies in the oxide matrix result in the formation of intragap 
states lying just below the conduction edge. Many of these intragap are shallow donors.  At room 
temperature this states are absent, that’s why SiO2 is an insulator and TiO2 is working better at 






These considerations explain the sensing mechanism. It is dominated, in the case of plasmonic 
crystal, by the coupling of the visible light into surface plasmon polaritons, SPPs, propagating along 
the metal-dielectric interface, which makes the polaritons sensitive to the changes in the sensitive 
layer in which are injected electrons due to the reducing reaction (1) of H2. In the case of the optical 
absorption based technique, the embedded Au NPs’ LSPR is excited by the incident light and is 
sensitive to the changes in the sensitive layer due to the electrons injection as already explained 
(reaction 1). 





The reaction (1) is catalyzed by the temperature and injects electrons into the TiO2 conduction band 
or into the defect state of the SiO2. 
3.3.3 Conclusions 
The performances of two sensitive materials, one insulating and the other one semiconducting, 
coupled with both L- and P-SPR, have been investigated for H2 detection at 300 °C. Both the 
techniques showed good sensitivity towards hydrogen 10000 and 50000 ppm, and the mechanism 
involved in the sensing is linked to an electron injection which causes a blue-shift of the dips in the 
reflection spectra of the plasmonic crystals and of the plasmonic peak of gold NPs in the absorption 
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The present work of thesis has been realized in the framework of the PLATFORMS project and 
deals with Optical Plasmonic Gas Sensors.  
The tested gases are of two types: reducing gases like hydrogen, carbon monoxide, VOC and A-
VOC and oxidizing gases like nitrogen oxide. The reducing gases inject electrons into the gold NPs 
causing a blue shift of the SPR peak, while the oxidizing gases subtract electrons from the gold NPs 
causing a red shift of the SPR peak. 
This work is divided in two main chapters. In the first part LSPR are treated, gold NPs of different 
shapes (rods, dumbbells and stars) are embedded in semiconducting matrices (like TiO2 and ZnO) 
and coupled with Pt NPs to catalyze the reaction between the target gases and the oxide matrix 
(Chapter 2.1 and 2.2). The use of Pt NPs is important in the case of NPs with shapes other than 
spherical because they tend to spheroidize at high temperature. This forced the gas sensing test to be 
performed at RT, without the high temperature to catalyze the red-ox reactions with the gases, and 
therefore implies the need for Pt catalysis. The results obtained were very good as the performances 
were improved by the local field enhancement effect due to the use of this shape of NPs, as 
expected. 
The synthesis of NRs, NDs and NSs adopted for the tests come from a visit to Colloid Chemistry 
Group, at University of Vigo, Spain, within a collaboration with Prof. Luis M. Liz-Marzan and 
Prof. Jorge Pérez-Juste. 
Gold NRs were also used in single particle gas sensing measurement with DFM technique (Chapter 
2.3) at Bio21 Institute of the University of Melbourne, Melbourne (VIC) Australia thanks to a 
fruitful collaboration with Prof. Paul Mulvaney. The innovation introduced is the use of a low 
scattering semiconducting matrix deposited on the gold NRs with really good results, in fact the 
shift of the SPR is enhanced by the presence of both the semiconducting oxide matrix, the catalytic 
Pt nanoparticles and the presence of oxygen ions adsorbed on the surface of the matrix. 
ZnO has been used also as plasmonic material itself in Chapter 2.4, through the doping with 




 which trigger a SPR in the NIR region. This plasmon showed a 
good sensitivity, in particular if coupled with catalytic NPs, like Pt, this because the sensing at high 
temperature is not allowed. In fact the heat treatment in reducing atmosphere, done to enhance the 
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SPR, would be annealed by the high temperature of the sensing test, and would make the SPR 
disappear. Moreover, the best result is obtained combining GZO with Pt NPs, because of both: the 
catalytic behavior of Pt and the higher number of oxygen vacancies and consequently higher 
number of free charges og GZO respect to AZO. 
In Chapter 2.5 the gold NPs were also used coupled with partially oxidized graphene, in 
collaborations with Prof. Luca Ottaviano and Dr. Francesco Perozzi (University of L’Aquila). 
R-GO for its semiconducting properties enables the electrons injection/subtraction from the gold 
NPs through the reaction with the target gases. The presence of graphene coupled with the gold NPs 
improves the performances at 80°C of a simple monolayer of gold NPs, showing a good efficiency 
in the electron hopping from the graphene sp
2
 domain into the gold NPs. 
In the end, in Chapter 2.6 another sensing mechanism was used to monitor the presence of A-VOC, 
the - stacking with a phenyl group of a SiO2 matrix with very impressive results at RT, with high 
variation in absorbance and very fast kinetics, in the order of few seconds. 
Chapter 3, treats PSPR using as sensing devices plasmonic crystal fabricated and simulated in 
collaboration with Dr. Laura Brigo, Prof. Giovanna Brusatin, Mr. Enrico Gazzola, Prof. Filippo 
Romanato. In Chapter 3.1 this plasmonic structures were used to detect A-VOC comparing the 
performances of the sensitive material used in chapter 2.6 with the one of a semiconducting material 
without phenyl groups, like TiO2.  These structures has also been used to make a comparison 
between the two mechanism involved in the detection process, π-π stacking and Ti4+•••π-electrons. 
Moreover, the same plasmonic crystals were tested towards VOC (Chapter 3.2), with a results that 
show a combination between the blue shift due to the electrons injection from the VOC towards the 
plasmonic structure, as confirmed by the XPS performed by the Surface Science Group, in 
particular Dr. Stefano Agnoli and Prof. Gaetano Granozzi, and the red shift due to the increase of 
refractive index of the ensemble film due to the substitution of the air inside the pores with VOC 
vapors, which have a higher refractive index (nair=1, nMetOH=1,33, nEtOH=1.36, nIPA=1.37). 
In the end Chaper 3.3presents the tests of the the plasmonic crystals towards H2. No results were 
notice in the RT procedure, not even with the Pt catalysis, while with the 300 °C procedure is 
visible a clear blue shift of the plasmonic dip for both the sensitive materials SiO2 and TiO2.This 
happens because the reaction of the kinetics of H2 reaction with SiO2 and TiO2 is thermal activated 
as explained in the Chapter. 
This thesis represents only a small step in the big field of gas sensors, of course a lot has still to be 
done, but the work presented here can be a valuable starting point for the implementation of the 
described nanocomposites inside actual devices, like SPR-based sensors with a relatively simple 
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A Appendix: Materials and Methods 
A.1 Instrumentation 
A.1.1 X-Ray diffraction 
The crystalline phases of the thin films were characterized by X-Ray diffraction (XRD) by using a 
Philips PW1710 diffractometer equipped with grazing incidence X-Ray optics. 
The analyses were performed at 0.5° incidence, using CuKα Ni filtered radiation at 30 kV and 40 
mA. Due to limited amount of produced materials, also powder samples were most often analyzed 
with the grazing angle optics. This was performed by depositing on a glass substrate a thick layer of 
powder. The X-Ray incident angle was set equal to 3°. In both cases, the average crystallite size D 
was calculated from the Scherrer equation: 
   
 
       
 
after fitting the experimental profiles with Lorentzian functions: in this relationship,  =1.54 Å is the 
Cu k wavelength,  the diffraction angle, Δw the full width at half maximum (FWHM) of the 
diffraction peak, and K=1 is the shape factor. 
A.1.2 Electron Microscopy 
Scanning Electron Microscope (SEM) was used to evaluate the surface morphology of the 
nanocomposites using different microscopes: low resolution images were taken on a Philips SEM 
equipped with Energy Dispersive X-ray (EDX) spectroscopy for elemental analysis. High resolution 
images were taken on a xT Nova NanoLab SEM operating at 5kV and 0.4nA. 
Transmission Electron Microscopy (TEM) analysis on scratched fragments of the film and of 
nanoparticles deposited from colloidal solutions both deposited on carbon-coated copper grids were 
performed with a Philips CM20 STEM system operating at 200 kV. 
A.1.3 Optical Spectroscopy 
UV-Vis-NIR absorption spectra were taken using a JASCO V-570 spectrometer. Absorption 
measurements of liquid samples was performed with quartz or polycarbonate cuvettes (1 cm optical 
path), while thin films on quartz substrates were analyzed placing the substrate perpendicularly to 
the light beam. 
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A.1.4 Spectroscopic Ellipsometry 
Transmittance at normal incidence and ellipsometry quantities Ψ and Δ have been measured using a 
J.A. Woollam V-VASE Spectroscopic Ellipsometer in vertical configuration, at various angles of 
incidence (usually three angles, 65°, 70°, 75°) in the wavelength range 300-1700 nm. Refractive 
index n, absorption coefficient k, and film thickness have been evaluated from Ψ, Δ and 
transmittance data using the WVASE32 ellipsometry data analysis software, fitting the 
experimental data with the 3-parameter Cauchy dispersion, Gaussian and Tauc-Lorentz oscillators 
for the non absorbing region, Au SPR peak and oxides UV absorption edge, respectively. 
A.1.5 X-ray photoelectron spectroscopy 
X-ray photoemission spectroscopy (XPS) spectra have been acquired with a PHI 1257 spectrometer 
equipped with a monochromatic Al Kα source (hν =1486.6 eV) with a pass energy of 11.75 eV, 
corresponding to an overall experimental resolution of 0.25 eV. The acquired XPS spectra have 
been fitted with Voigt line shapes and Shirley backgrounds. 
A.1.6 Atomic Force Microscopy 
Atomic Force Microscopy (AFM) images have been acquired in air using a Veeco Digital D5000 
system equipped with silicon tip. 
A.1.6 Ultra-high-vacuum temperature programmed desorption measurement 
In order to perform UHV TPD experiments, a porous silica matrix functionalized with phenyl 
groups was deposited on a stainless steel support by spin coating. This deposition technique 
furnished a fully-covered thermal and electrical conducting support (no stainless steel related X-ray 
photoelectron spectroscopy peaks were observed), obtaining homogeneous deposits. The sample 
was then spot-welded to two 0.25 mm diameter Ta wires and connected to a 4 degrees of freedom 
manipulator. A type K thermocouple was spot-welded to the sample rear before the manipulator 
was mounted in the UHV chamber. The UHV chamber, equipped with a HIDEN HAL 301 PIC 
quadrupole mass spectrometer with electron multiplier detector, was then pumped and baked for 12 
h at 100 °C, until a base pressure of 3.0∙10-10 mbar was achieved. Before starting the experiments, a 
sample degas was performed by heating at 573 K for 10 min. TPD experiments were collected 
thermalizing the sample at 258 K, exposing it to 20 L of xylene gas (1.0 L corresponds to a 1 s 
dosing time at a pressure of 1.0∙10-6 Torr) and heating at different rates, from 60 to 120 K/min. By 
following this experimental procedure it was possible to obtain the heat of desorption (ΔEd) by the 
use of the Polanyi-Wigner equation: 
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         ( 
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where     
  
  
    
  is the desorption rate of k desorption rate constant, Θ is the surface 
coverage and n the desorption reaction order. The desorption rate constant k is connected to the 
desorption energy in the Arrhenius equation: 
         ( 
   
  
) 
where ΔEd is the activation energy for desorption at temperature T, R is the gas constant and n is 
the frequency factor. 
If, as in our case, a series of desorption curves referring to the same probe molecule coverage are 
collected for different linear heating rates (β = dT/dt), the Polanyi-Wigner equation for a first order 
desorption process (n=1) can be re-written as: 
 
and solved for        
  to give: 
 
where Tm is the temperature corresponding to the desorption curve maximum. Therefore, by 




  as a function of the reciprocal of Tm, an estimate of ΔEd can be obtained from the 
slope of a straight line interpolating experimental data. 
A.2 Materials Recipes 
A.2.1 Recipe for the synthesis of 15 nm Au nanoparticles 
280 mg trisodium citrate in 24 ml Milli-Q water preheated at 70 °C was quickly added to a 400 mL 
boiling aqueous solution containing 80 mg HAuCl4. After the solution turned red-wine colored, it 
was stirred at boiling point for an additional 15 minutes and then was cooled down to room 
temperature. 
If the particles were to be redispersed in ethanol, PVP-10K was dissolved in water (200 mg in 4 
mL) and this solution was mixed with aqueous gold colloids under constant stirring. After 2 hours 
the solution was concentrated in a rotary evaporator to about 100- 150 mL and Au NPs were 
precipitated with excess acetone, centrifuged at 4000 rpm for 5 minutes and re-dispersed in ethanol 




































A.2.2 Recipe for the synthesis of 3 a.r. Au nanorods 
Gold NRs, with 20nm of diameter and 60nm of length, so an aspect ratio 3, were prepared 
according to the seed-mediated method proposed by El-Sayed [
1
]. 
The seed solution was prepared at 50 °C by mixing 4.7 mL of a 0.1 M solution of 
Hexadecyltrimethylammonium bromide (CTAB) with 25 L of an aqueous solution of gold salt 
HAuCl4, 0,05M. After complete mixing, 300 L of a solution 0,01M of Sodium borohydride 
(NaBH4) is added and the seed solution colour turns into light brown. 
After 1 hour, the growth solution is prepared by mixing 10 mL of a 0.1 M solution of 
Hexadecyltrimethylammonium bromide (CTAB) with 100 L of an aqueous solution of gold salt 
HAuCl4, 0,05M. After 2 minutes of mixing on an hot plate at 50 °C, 75 L of an Ascorbic acid 
(AA) solution 0.1M were added and the solution turns into colorless. Then 80 L of a Silver Nitrate 
solution 0.005M were added and finally 60 L of the seed solution. The solution is left at 50 °C 
without stirring for 30 minutes. 
If the rods have to be redispersed in ethanol, PVP-10K was dissolved in water (200 mg in 4 mL) 
and this solution was mixed with aqueous gold colloids under constant stirring. After 2 hours the 
solution was concentrated in a rotary evaporator to about 100- 150 mL and Au NRs were 
precipitated, centrifuged at 10000 rpm for 5 minutes and re-dispersed in ethanol leading to a 30 mM 
concentrated sol. 
A.2.3 Recipe for the synthesis of 6 a.r. Au nanorods 
A seed solution was prepared at 50 °C by mixing 4.7 mL of a 0.1 M solution of 
Hexadecyltrimethylammonium bromide (CTAB) with 25 L of an aqueous solution of gold salt 
HAuCl4, 0,05M. After complete mixing, 300 L of a solution 0,01M of Sodium borohydride 
(NaBH4) is added and the seed solution colour turns into light brown. 
After 1 hour, the growth solution is prepared by mixing 10 mL of a 0.1 M solution of 
Hexadecyltrimethylammonium bromide (CTAB) with 100 L of an aqueous solution of gold salt 
HAuCl4, 0,05M. After 2 minutes of mixing on an hot plate at 50 °C, 75 L of an Ascorbic acid 
(AA) solution 0.0993M were added and the solution turns into colorless. Then 80 L of a Silver 
Nitrate solution 0.005M were added and finally 60 L of the seed solution. The solution is left at 50 
°C without stirring for 30 minutes. The day after are added 5 L of the ascorbic acid solution 
0.0933M. 
If the rods have to be redispersed in ethanol, PVP-10K was dissolved in water (200 mg in 4 mL) 
and this solution was mixed with aqueous gold colloids under constant stirring. After 2 hours the 
solution was concentrated in a rotary evaporator to about 100- 150 mL and Au NRs were 
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precipitated, centrifuged at 10000 rpm for 5 minutes and re-dispersed in ethanol leading to a 30 mM 
concentrated sol. 
A.2.4 Recipe for the synthesis of Au nanodumbbells 
Gold NDs have been also synthesized following the recipe proposed by M. Grzelczak et al. [
2
]. As 
seed has been used 10mL of the NRs synthetized in appendix 2.3. 
The gold NDs were prepared by mixing 10 mL of a 0.1 M solution of 
Hexadecyltrimethylammonium bromide (CTAB) with 50 L of an aqueous solution of gold salt 
HAuCl4, 0,05M. After 2 minutes of mixing on an hot plate at 50 °C, 6 L of an Potassium Iodide 
(KI) 0.01M were added and finally 40 L of an Ascorbic acid (AA) solution 0.1M. 
In the end 600 L of the NRs solution were used as seed. The solution was left at 50 °C without 
stirring for 30 minutes. 
If the dumbbells have to be redispersed in ethanol, PVP-10K was dissolved in water (200 mg in 4 
mL) and this solution was mixed with aqueous gold colloids under constant stirring. After 2 hours 
the solution was concentrated in a rotary evaporator to about 100- 150 mL and Au NRs were 
precipitated, centrifuged at 10000 rpm for 5 minutes and re-dispersed in ethanol leading to a 30 mM 
concentrated sol. 
A.2.5 Recipe for the synthesis of 50 nm Au nanostars 
Finally gold NSs PVP capped have been prepared, following the recipe proposed by Kumar et al. 
[
3
]. The synthesis is divided in two steps, the first one is already reported in appendix 2.1. The PVP 
capped Au NPs in water are used as seed. The second step is to prepare a solution with 10mL of 
DMF (Dimethylformamide) and 1g of PVP 10.000 g/mol. Then 10 mL of a 0.0005M gold salt 
solution is added. When the gold salt is completely reduced 235L of seed are added. After 30 min 
of stirring the NSs are formed, centrifuged and redispersed in ethanol to reach a concentration 50 
mM. 
A.2.6 Recipe for the synthesis of 10 nm Pt nanoparticles 
In a typical synthesis, 67 mg of H2PtCl6 and 18.7 mg of NaCl were dissolved in 3 mL ethylene 
glycol, degassed and kept under intert atmosphere (nitrogen). Separately, 150 mg NaNO3 and 55 
mg PVP were dissolved into 13 mL ethylene glycol, degassed, and brought at 160 °C under intert 
atmosphere. After 20 minutes, the former solution was quickly injected into the latter: a change in 
color from pale orange to black was observed within few minutes. The Pt colloidal solution was 
kept at 160 °C under nitrogen for 30 minutes, then cooled down to room temperature, precipitated 
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with excess acetone, centrifuged at 4000 rpm for 5 minutes and redispersed in ethanol leading to a 
30 mM nominal concentration. 
A.2.7 Recipe for the synthesis of 4 nm TiO2 nanoparticles 
In a typical synthesis, 3 g of titanium isopropoxide was added drop wise to a previously prepared 
solution consisting in 1.78 g of hydrochloric acid, 7.18 mL of methanol and 1.24 g of water. The 
solution was stirred at ambient temperature for one hour and subsequently heated to 70 °C for four 
hours. Particles were then precipitated with excess acetone and centrifuged at 4000 rpm for two 
minutes. The obtained precipitate was dispersed in minimum amount of methanol obtaining a clear 
colloidal sol of anatase TiO2 NPs. The concentrated solution is stable for few days. The best is to 
use the solution for films deposition within the following day. 
A.2.8 Recipe for the synthesis of ZnO sol-gel solution 
To deposit a ZnO layer, 200 mg of Zinc acetate dihydrate (ZnAc) was dissolved in 0.9 cc ethanol, 
and subsequently 0.066 mL monoethanolamine (MEA) were added under stirring. After 30 minutes, 
0.35 mL ethanol (or ethanolic suspension of metal NPs) were added and the solution was used for 
film depositions after 5 more minutes of stirring. Again, the spinning procedure is performed under 
nitrogen atmosphere. 
A.2.9 Recipe for the synthesis of ZnO nanoparticles 
500 mg of Zinc acetate dihydrate (ZnAc) are dissolved in 22.5 mL dimethyl sulfoxide (DMSO); 
separately, 750 mg tetramethylammonium hydroxide (TMAH) are dissolved in 7.5 mL ethanol 
(EtOH). The TMAH solution is added dropwise (about 2 mL/min) to the Zinc solution under 
vigorous stirring at room temperature; after 10 minutes the solution is heated at 40 °C for 1 hour to 
promote Ostwald ripening of the particles, obtaining 6-7 nm NPs. To obtain 8 nm the solution has 
to be heated at 50 °C. After the solution has been heated for 1 hour, it was let cool down to room 
temperature, precipitated with the minimum amount (about 3:1 in volume) of methyl ethyl ketone 
(MEK), centrifuged at 1500 rpm for 5 minutes and redispersed in ethanol to a final nominal 
concentration of 0.8 M in molar zinc. The concentrated solutions are stable only for few hours, so 
they have to be used immediately for films deposition. 




 doped ZnO nanoparticles 
Nanocrystal Synthesis: The synthesis is performed with standard Schlenk line techniques. ZnSt2 and 
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Ga(NO3)3 or alluminium nitrate, Al(NO3)3 are dissolved in 7.5 mL of OA at 80 °C (solution 1) 
under a nitrogen stream, keeping the atomic concentration (Zn + dopant) equal to 0.4 M and the 
Dopant/Zn molar ratio between 0% and 5%. 
Separately, 22.5 mL of TOA is heated under nitrogen at 100 °C (solution 2), degassed under 
vacuum for 2 min, and then, heated under nitrogen at 310 °C. 
Solution 1 is then degassed for 5 min and quickly injected into solution 2 at 310 °C. The 
temperature drop is less than 40 °C. The total solution is let stir at 280 °C for 25 min and then 
cooled down to room temperature. The doped ZnO NCs are precipitated with ethanol or acetone, 
centrifuged at 4000 rpm for 5 min, and redispersed in hexanes. The reaction yield was found to be 
between 85% and 90%. 
A subsequent treatment is performed in order to increase the free charge density: the NCs are 
dispersed in a mixture of 1-octadecene (ODE, 15 mL), TOA (0.5 mL), and OA (0.5 mL) with a 
nominal concentration of 0.1 M, degassed at 90 °C, and heated up to 150 °C under a nitrogen 
stream. Then a 5% hydrogen/95% argon mixture stream is bubbled inside the solution through a 
stainless steel needle for 25 min with a flow rate of approximately 0.1 L/min, and the solution is 
subsequently cooled down to room temperature under the reducing atmosphere. In the manuscript, 
we refer to this procedure as “hydrogen bubbling treatment”. The NCs are then washed with 
acetone and redispersed again in nonpolar solvents. 
If needed, GZO or AZO NCs were transferred to ethanol by exchanging the surface ligands (organic 
amines) with APOH: the procedure is performed by adding 5 mL of a 10 g/L APOH solution in 
chloroform to 7.5 mL of a 0.1 M GZO or AZO colloidal solution in tetrachloroethylene (C2Cl4) 
under stirring. 
Immediately upon addition of the APOH solution, aggregates appear, suggesting partial ligand 
exchange. After 30 min, the aggregates are collected by centrifugation (1000 rpm, 4 min), 
resuspended in 5 mL of a 0.5 g/L APOH solution in chloroform to induce further ligand exchange, 
stirred for an additional 15 min, centrifuged (1000 rpm, 4 min), and eventually, resuspended in 
ethanol to a 40 mg/mL stock solution. 
Thin Film Synthesis. GZO or AZO thin films are deposited from concentrated NC solutions in 
toluene (between 40 and 80 mg/mL) by spin coating on either SiO2 (HSQ300, Heraeus) or Si 
(⟨100⟩ oriented, p-type boron-doped, Silicon Materials) substrates at 1500 rpm for 40 s. 
After deposition, the samples are placed on a hot plate at 60 °C for 10 min. If needed, this 
procedure has been repeated to increase the sample thickness. The thickness of the samples used for 
optical and electrical characterization is about 500 nm, but thicker samples (up to 1 μm) are easily 
obtained with further spin-coating depositions or by drop casting the NC solution. 
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Some samples have been annealed in air between 100 and 800 °C for 1 h in a muffle furnace or in a 
5% H2/95% Ar mixture at 450 °C for 2 h in a tube furnace, in order to analyze the effect of 
temperature and annealing atmosphere on the electrical and optical properties. 
A.2.11 Recipe for the synthesis of SiO2 (PTMS or dPDMS) sol-gel solution 
To deposit an SiO2 layer, 2 mL of tetraetossisilano (TEOS) were mixed in 2.606 mL of ethanol, and 
subsequently 1.672 mL of Trimethoxyphenylsilane (PTMS) or 2.0266 mL of 
Dimethoxydiphenylsilane (dPDMS), 0.555 mL of water and 0,896 mL of Cloridric Acid 1N were 
added under stirring. After 3 hours, 12.13 mL ethanol were added and the solution was used for film 
depositions after 5 more minutes of stirring. 
A.2.12 Recipe for the preparation of SiO2 (PTMS or dPDMS) with embedded Au 
nanoparticles grown in situ 
To deposit an SiO2 layer, 0.865 mL of tetraetossisilano (TEOS) were mixed in 0.563 mL of ethanol, 
and subsequently 0.723 mL of Trimethoxyphenylsilane (PTMS) or 0.8774 mL of 
Dimethoxydiphenylsilane (dPDMS), 0.2014 mL of water and 0,077 mL of Cloridric Acid 1N were 
added under stirring.  
After 2 hours of reaction, a solution with 0,230 g of Gold(III) chloride hydrate (HAuCl4) in 6.7 mL 
of ethanol was added, then the sols were further stirred for 1 hour. 







],  according to: 
HAuCl4 · xH2O  
     
→     AuCl3  
     
→     AuCl  
     
→     Au         (1) 
A.2.12 Recipe for the synthesis of Au NPs sub-monolayers 
Au monolayers have been prepared on fused silica slides or silicon. The substrate was first 
functionalized with (3-aminopropyl) trimethoxysilane (APTMS) via immersion into a solution 
composed of 0.3 mL APTMS in 30 mL toluene at 60 °C for 5 minutes in a controlled environment 
(R.H. < 20 %). Substrates were then extracted and immediately washed thoroughly with fresh 
toluene, dried in a nitrogen stream and then placed on a hot plate at 70 °C for 5 minutes to remove 
adsorbed toluene molecules. These substrates were used within the day, in order to prevent amines 
oxidation.  
To deposit the monolayer, we used Au NPs PVP capped whose synthesis is already reported in 
Appendix A.2.1. The monolayers were formed by spin-coating at 3000 rpm for 30 sec the liquid 
suspensions of gold NPs directly onto the APTMS. The samples were then stabilized on a hot plate 
at 100 °C for 15 minutes, and subsequently used as substrates themselves. 
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A.3 Gas sensing set up 
A.3.1 Apparatus for gas sensing in transmission 
Optical gas sensing tests were performed by conducting optical absorption measurements in the 
200-900 nm wavelength range on films deposited on SiO2 substrates using a Harrick gas flow cell 
(with 5.5 cm path length) coupled with a Jasco V-650 spectrophotometer. The operating 
temperature (OT) was set at room temperature, 80 °C or 300 °C, with a flow rate of 0.4 L/min. The 
substrate size was approximately 1 × 2 cm and the incident spectrophotometer beam was normal to 
the film surface and covered a 9 × 1.5 mm area of the film. 
The time spent by the sensor on achieving 90% of the total absorbance change is defined as the 
response time in the case of gas adsorption or as the recovery time in the case of gas desorption. To 
better visualize the gas effect, the Optical Absorbance Change (OAC) parameter, defined as the 
difference between absorbance during gas exposure and absorbance in air (OAC=AbsGas-AbsAir) is 
used. 
 
Fig. A.3.1.1 – Experimental set-up for the gas sensing tests in transmission. 
A.3.2 Apparatus for gas sensing on single particles 
The single-particle time-resolved gas sensing tests were performed using a Nikon TE2000-S Eclipse 
Inverted Microscope equipped with a Nikon dry dark-field condenser and a 40X/0.6 NA ELWD dry 
objective lens in transmission configuration (Fig. 1). A 100W halogen lamp was used to illuminate 
the sample. A Princeton Instruments IsoPlane SCT 320 imaging spectrograph with a PIXIS 1024F 
CCD detector was coupled to the output of the microscope. The acquisition time of all exposures 
was 60 seconds which was continuously repeated throughout the entire measurement. Time-
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correlated longitudinal peak positions were extracted from the images by using automatic cross 
section line profiling and Lorentzian fitting procedures. To control the atmosphere and gas flow 
over the samples a continuous flow cell was developed specifically to meet the working distance 
restrictions of transmission dark-field microscopy. The cell (Fig. A.3.2.1) consists of two outer 
stainless steel mounting discs, a Teflon spacer ring with input out output flow channels, and 
tightening screws. The sample is mounted upside down in the top disc and a clean microscope slide 
of the same dimensions is mounted in the bottom disc to function as a transparent window for the 
cell. A needle of 0.8 mm outer diameter was connected to the gas supply and fitted into the input 
channel of the cell. The volume of the chamber is 800 mm
3
.  
The operating temperature (OT) was set at RT, with a flow rate of 0.07 L/min. 
 
 
Fig. A.3.2.1 – Experimental set-up for the single-particle time-resolved gas sensing tests, including a Dark Field 
Microscope coupled with a spectrograph and an home-made gas sensing chamber. 
A.3.3 Apparatus for gas sensing in reflection 
Gas sensing test were performed by conducting reflection measurements in the 300-1500 nm 
wavelength range on films deposited on a plsmonic grating (described in chapter 3.1) using a J. A. 
Woollam Co. Heat Cell coupled with a J.A. Woolam Co. Variable Angle Spectroscopic 
Ellipsometer (VASE) (Fujiwara H., Spectroscopic Ellipsometry Wiley 2007) in θ/2θ configuration. 
The measurements have been performed with direct illumination of the sample with p-polarized 
light and at a fixed angle of 70° scanning the wavelength. The apparatus is reported in figure 




Fig. A.3.3.1 – Experimental set-up for the gas sensing tests in reflection. 
A.4 LSPR simulations  
Pecharromán performed for us the following simulations in order to determine the optical absoption 
of the SPR corresponding to spherical nanoparticles.  
To do that it is necessary to estimate the effective dielectric constant of the whole system 


















  (0.1) 
Where  p and  m are the dielectric constant of the nanoparticles and matrix, L the depolarization 
factor (L =1/3 for spheres) and f is the volume concentration of nanoparticles. 
According to the Drude Model,  p is given by: 
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The absorption, in case of high dilution medium, is nearly proportional to the imaginary part of the 
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The optic observable is the absorbance defined as: 
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The absorbance at the SPR position is proportional to the electron density. 
Other simulations are going to be performed to understand the behavior of the single gold NR not 
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